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) 48 INTRODUCTION

During recent years, considerable interest has developed in fluorine and several
fluorine compounds as rocket pronellant oxidizers. The material presented here is a
compilation of certain properties of fluorine, oxygen bifluoride, and of chlorine
trifluoride described in the unclassified literziure and in other unclassified
writing. The properties selected for inclusian are those which might be of interest in
connection with the operation of a rocket-motor test cell or propulsion equipment for
aircraft or guided missiles employing one of these substances as the oxidizer.
Decisions as to which properties should be included have necessarily been arbitrary,
and other readers pcssibly would prefer differcit sets of properiies. Methods of
preraration and spectroscopic data have been omitted. The compilation has been limited
to unclassified material with the purpose of making it generally available. Neverthe-
less, the compilation is believed to be fairly complete.

IT. FLUORINE

A. Notes on Behavior of Electrolytic Cells for
Producing Fluorine

The March 1947 issue of Industrial and Engineering Chemistry contains six arti-
cles on cells for producing fluerine. Five of these articles deal with the medium-
temperature cell, and one deals with the high-temperature cell. The operating procedures
are given in some detail, but since the exact procedure to be followed depends upon
the design and would be furnished to the persons concerned by the manufacturer, these
procedures will not be repeated here. However, several items of gen=ral interest in

" connection with these cells will be mentioned.

It is necessary at all times to maintain the electrolyte in the cell at a
temperature above that at which solidification occurs. Thus an adequate heat source
must be provided.

Polarization is a troublesome matter. Polarization of anode or cathede can occur,
and carbon anode czils are more susceptible than nickel anode celis. Causes of
polarization in the medium-temperature cell are nonwetting of carbor anodes {formmtion
of gas f{ilm), water in the electrolyte, high current density, low or high hydrogen
fluoride concestration, and low or high electrolyte temperature. Nonwetting of carbon
anodes can be eliminated by adding a small amount of lithium fluoride. Sodium flnoride
&t aluminum fluoride can :lso be used, but these compounds nre more easily precipitated
than lithium fluoride. Water can be removed from the electrolyte by electrolysis witk
a nickel anode. Polarisaticn ia the high-temperature cell can be eliminated by
raising the applied voitage until the current is brought up to its normal velue,
breaking the circuit when depclarization occurs (indicated by a sudden increase in
the current;, and conmecting the cell wiih the voltage at the normai value.

Most of the cells described nermally operate at 8,0 to 9.5 volts. The voltage
tends to rise gradually duricg the life of the anode because of increasing contact
resistance, an increase of about 2 volis indicating the end of the life of rhe anode
ia the case of one cell design. For the same case, a maximum contact resistsnce of
approximately 0. 04 ohm per blade can be accepted without breaking the carbon. The
voltage 1s of inportance in connection with the selection of a generator with the
proper voltage range.

Page 1
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A very informative articie by Neumark (Cf. Ref. 1) entitled "Electrolytic
¥luorine Production in Germeny,” will be of interest to anyore concerned with the
chemistry involved in the operation of fluorine cells.

In the preparation of fluorine in an electrolytic cell employing a graphite
anode, (F, and other fluorides c¢f carbon are present as contaminarts (Cf. Reis. Z
through 5), When the electrolyte contains weter, the product contains oxygen biflucride
in appreciable percentages (Cf. Ref. 6). If sulfate is present in the electrolyte, the
fluorine is contaminated with ﬂ), (Cf. Ref. 3).

According to Ruif (({f. Pef. 73 1f the electrolyte of a fluorine cell centains
HyC, then OF, and Oj vccur with the fluorine produced. If the electrolyte contains
10, C17, and SO, then a red compound containing oxygen, chlorine, and fluorine
(perhaps CICF) is g‘lven off, together with S).F Besides, small amounts of colorless
substances are produced which do not dlssolvn in liquid fluorine. These remain as a
solid residae aft.er uhe fluorine has boiled off and are likely to decompose with a

B. Materials for Handling Hydreflucric Acid

Anhydrous hydrogen fluoride is made by the fractional distillation of & hydrogen
fluoride — water mixture containing 80 per cent HF. This mixture is stored in tanks of
mild carbon steel; the column and rehoiler are of copper. The anhydrous hydrogen
fluoride leaving the still is condensed and cooied in a steel sheil-and-tube condenser.
The liquid flows through steel lines to mild-steel storage tanks. Monel valves are
employed throughout the plant and have rendered good service. Copper is as satis-
factory as any available material for the column and reboiler (Cf. Ref. 8).

Mild carbon steel is excellent for handling anhydrous iydrogen fluoride. It is
used for storage tanks, pipes, fittings, valves, and pumps. The use c¢f mild carbon
steel for this purpose is justified by 12 years of experience. Steel tanks have bzen
found in good condition after 10 years of use for the storage of anhydrous hydrogen
fluorids. Apparently corrosion is inhibited by the formation of a protective coating
on the surface of the steel. However, steel valves will freeze unless operated at
fairly short intervals, apparently because the coating cements the moving parts
together. This operating difficulty can be ,/oided by opening and closing the valves
at least twice each shift. Double-valving is necessary. Steels of certain types are
more resistant than others to anhydrous hydrogen fluoride. The ideal steel is a
thoroughly deoxidized, dead-melted, or milled steel in which nonmetallic inclusions
are positively at & minimum, Steel is not resistant to ajueous solutions of hydrogen
fivoride containing less than 60 per cent HF (Cf. Ref. 8).

Steel ix resistant ©n agueous hvdrofluoric acid over the HF concentration range
60 to 100 per cent at room temperatures and over iiie range U to 100 per cent pt the
boiling point (Cf. p. 10 of Ref. 9),

Of all metals, platinum is probably the most reszistant to hydroger fluoride,
either anhydrous or in aquecus solution. Silver has excellent resistance when sulfides
an: appieciable quantities of sulfuric acid are abacnt (Cf. Ref. 8).

iOf all the commercially available nonferrous meiais, Masel appears to be the besi
for nydrogen fluoride, either anhydrous or in aqueous solution. Under certain condi-
tions, copper is almost as good. However, copper is attacked when ..:.lfur dioxide or
oxygen is present with the hydrogen fluoride (Cf. Ref. 8).

Brown found that types 430, 347, 303-Cb, 310-Cb, and 204 s?aznlegs steel were
badly attacked by anhydrous hydrogen fluoride at 1000°F. A high corrosion rate was
observed in thc case of tyne 347 stainless stecl at 930°F. Nickel was only slightly
cttacked at 1100°F. Of six samples of Monel exposed to amhydraus hydrogen fluoride at
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temperatures butween 930 and 1110°F, only one was appreciably attacked; the same was
true of deoxidized copper. Inconel was found to be less resisiant Lo corresion than
was nickel or Monel under the test conditions, and probably should not be used above
900°F. Aluminum (2S) gave results conparakle to thosc with flucrine. Commercial
anhydrous hydrogen fluoride sometimes <Gicuins sulfur compounds, and it has been {uund
that if sulfur cormpovunds are present, typical and severc sulfide attack can be
expected in high-temperature operation with such metals as nickel, Monel, copper,
and Inconel (Cf. R-f. 11).

Anhydrous hydrofluoric acid has no appreciable action on copper or rickel in the
absence of oxygen or other oxidizing agent. Stainless steecl and Monel are quite
resistant. Brass, lcad, or soft solder withstands the anhydrous acid, but each is
rapidly attacked in the presence of water or oxygen. Steel pipes and valves are
satisfactory for the anhydrous acid; in connecting them, threaded joints may be used.
If flenges are employed, they should be of forged steel. Welded joints are excelient
provided the welds are slag-free. Cast iron or any cther material containing silica
cannot be used. Numerous difficulties have been experienced in the use of cast-iron
fittings. Glass, quartz, porcelain, or any other silica-containing material is
rapidly attacked. In general, natural and synthetic resins, gums, plastics, etc. are
attacked by the anhydrous acid (Cf. Ref. 1¢).

Among materials unsatisfactory for use in centact with anhydrous hvdrogen
fluoride are wood, rubber, most plastics, and materials contzining silicon. Lead is
serviceable for aguecus hydrogen fluoride solutions comtaining less than 55 per cent
HF, but ordinarily it is unsatisfactory for more concentrated solutions or for
anhydrous hydrogen fluoride. Cast iron is more resistant than lead, but it is not a
generally satisfactory material. Cast-iron fittings last only a relatively short time
(Cf. Ref. 8).

Myers and Delong (Cf. Refs. 12 and 13) have reported corrosion data for a number
of metals exposed to hydrogen fiuoride gas at elevated temperatures and at a pressure
of approximetely ! atmosphere. The data are given in Table I.

Myers and Delong have alsc reported corrosion data for nickel and Monel exposed
to equimolar mixtures of hydrogen fluoride and steam at temperatures up to 750°C and
at pressure of approximately 1 atmosphere. The data are given in Table II.

C. Analytical Metiods

Turnbull et al (Cf. Refs. 14 and 15) have developed a method for the analysis of
mixtures of Fz, , UF, and inerts (such =s N'z) in which the fraction of F2 is grester
than 0.5. At first, the HF is absorbed in = cepper or miclkel tube containing scdium
fluorile peilets. The gas is then passed intc a tube containire anhydrous chemically

gas issuing from this tube is passed into cold 2N NaDH, which reacts with the a,
to form sodium hypochlozite, and the O, and inerts are discharged into the air.

After several minutes of sweeping out the gases present in the system before the
start of the analysis, a sample of the gas issuing from the tube containing the sodium
chloride ia taken for the determination of (i, 6 O,, and inerts, The (1, iz determined
by absorption in caustic solution, and the (; is determined by passing the gas un-
absorbed in the cavstic sclution iuto alkaline pyrogallol solution. The residual gas
is composed of the inerts. The quantity of flusrine used in the =nalysie is found by
measurement of the amount of chlorine ahsorbed as hypochlorite pius :}mt vaken in the
gas sanple. The former amount of chlorine is found by titration with sodium thiosulfate
of the iodine liberated by the aciion of potassium iodide and acetic acid on the

hypschlorite solution. The HF is determined by maceration of the sodium fluoride
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pellets in a nickel or platinum dish in the presence of coid neutralized potassium
nitrate, which is employed to eliminate cny cxror thai would follew from the presence
of sodium fluosilicate, and titration with silicate-free sodium hydroxide solution.

TABLE 1

CORROSION OF VARIOUS METALS BY ANHYDROUS HYDROGEN
FLUORIDE AT ELEVATED TEMPERATURES

Metal Teuperature Penetrotion
(°C) Rate of
Corrosion
(in./month)
Steel
SAE 1020 500 0.051
Type 430 stainless steel 500 0.005
550 0.030
600 0.038
Type 347 stainless steel 500 0.6
556 1.5
600 0.58
Type 309-Cb stainless steel 500 0.019
550 0.14
600 0.55
Type 310 stainiess steel 500 0.040
550 0.33
600 1.0
Type 304 stainless steel 600 0.044
Nickel and alloys
Nickel 500 0.003
600 0.003
Monel , 500 0.004
550 0.004
600 0.006
Inconel S00 G.005 .
600 0. 005
Aluminum (25) 500 ' 0.016
600 6.048
Copper 500 0.005
600 0.004
Magnesium (Dow metal G) 500 0.042
{ 7

1
[

Kimball and Tufts (Cf. Ref. 16} have developed a method for the analysis of
fluorine gas. The parts of the apparatus ccadng in contact with fluorine are chiefly
of brass, copper, nickel, and Monel. Tre valves are packed with Teflon. The authors
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describe methods for ssmpiing at high pressures and at low or "negative" pressures.

The sample 1s passed through a tube containing anhydrous sodium fluoride to
absorb the hydrogen flucride, and the hydrogen fluoride is determined by titratiom.
Then, by passing the gas over dry sodium chloride, the amouat of Cl, equivalent to tie
F2 in the original sample is produced. A routine analysis and a precision anaiysis are
described. The routine analysis gives the percentages of F,, HF, O,, and inerts; the
precision analysis gives the percentages of F,, HF, 0,, CO,, CC, Hy, and inerts.
In the routine analysis, inaccuracies are irtroduced from various sources. Kimball
and Tufts state thet they have never fourd either ) or H, in analyzing fluorine.

TABLE I1I

CORROSION OF NICKEL AND MONEL BY EQUIMOLAR MIXTURES OF
HYDROGEN FLUORIDE AND STEAM AT ELEVATED TEMPERATURES

Metal Temperature Penetration
(°C) Rate of
Corrosion
_ (in ./mont.h)
Nickel 550 0. 0026
600 0. 006
650 0.609
700 0.012
750 0,010
Monel 600 0. 002
650 0. 005
700 0.013
750 0.017

In the precision analysis, the Cl, is determined by absorption of a large sample
in an alkaline arsenite solution and determination of the chloride by the Volhard
method. The sample is made large in order that a sample oi the residual geses adequate
for the determination of the minor impurities can be collected. Any (0, present is
also absorbed in the alkaline solutiocu, und it is determined by an evolutioa method.
The application of this method to samples containing kaown amounts of CO, gave the
followirg results: -

Weight of CO, Weight of CO, g
Present Found
(mg) (mg)
27.0 27.2
4.7 45.1 [

In the case of the precision analysisz, the residual gases arc analyzed in any
standard gss analysis apparatus. In the case of the routine analysis, the Orsat
apparatus isx used for thn analysis of the residual gases. .

Page 5
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D. Products of Reaction of Fluorine with Water
and With Certain Solutrons

Brunner (Cf. Ref. 17) states that fluorine reacts with water, forming oxygen and
ozone. Fichter and Humpert (Cf. Ref. 18B) report that the treating of a sul{fate
solution or a bisulfate solution with fluorine leads to the formation of persulfate
with the vigorous evolution of ozonized oxygen, and hydrogen peroxide never results;
however, fluorine with pure water produces largely hydrogen peroxide with a relatively
small evolution of gas when the water is between 0°C and room terperatures.

Fichter and Bladergroen (Cf. Ref. 19) studied the reaction between fluorine gas
and liquid water. In an experiment in which the water was stirred in a platinum dish
cooled with ice, they found that hydrogen peraxide was present in a varying concentra-
tion, dependent upon the fluorination time. The ccncentiation reached a maximum at
about Z0 munutes after the start of the fluorination and declincd afterward. Ozone was
present, and the quantity increased after this maximum had been reacled. Fichter an.
Bladergroen attributed these variations to the following reaction:

H,0, + 03 = H0 + 20,

Cady (Cf. Ref. 20) reports that hydrofiucric =cid, hydrogen peraxide, oxygen, and
oxygei fluoride are formed in the reaction of fluorine with cold water. He concludes,
however, that if ozone is a product, its importance as such has been overstressed.

In the preparation of potassium persulfate by the oxidation of potassium bisulfate
in a cold saturated aqueous solution with fluorine, the solution evolves ozone rapidly,
according to Fichter and Humpert (Cf. Ref. 21). They state that they observed the
copicus evclution of ozonized oxygen during the oxidation of ammoniwn bisulfate to
ammoniux persulfate in a saturated solution with fluorine (Cf. Ref. 22). Later,
Fichter and Bladergrown (Ci. Bef. 23) reported that treating solutions of sulfates or
of bisulfates with fiuorine results in the formation of persulfate and ozone. Jopes
(Cf. Ref. 24) found that when fluorine acts upon a cold saturated aqueous solution of
potassium bisulfate or of ammonium bisulfate, the corresponding persulfate is formed
together with some ozone and other products.

Fichter and Goldach (Cf. Ref. 25) found that the introduction of fluorine into
silver nitrate solutions results in the formation of oxygen, ozone, and silver
peroxynitrate.

Briner and Tolun (Cf. Ref. 26) report thet when fluorirne was allowed to react
with water at 0°C, no ozone could be detected in the gases produced. They report also
that, when fluorine was allowed to react with aqueous potassium hydroxide solutions
at -"5°C, the gases produced contained about 1 per cent ozone. A solution of hydrogen
fluoride, sulfaric acid, or potas:ium nitrate cooled below 0°C did not give ozone.

E. Purificatien

froning et al (Cf. Ref. 27) have developed a process for the reduction of the
hydrogen fluoride content of the impure fluorine from a cell,in vhich the gas mixture
was first cooled to -70°C at atmospheric pressure and then passed through a tower
containing sodium fluoride pellets. Sodium fluoride has bhecn employed for hydrogen
fiuoride absorption since the days of Moissan. Before a plant method Jﬂs developed,
the vapor pressure characteristics of such a system were investigated by determining
the vapor pressure of sodium anid fluoride in the presence of nitrogen. These data ave
summrized iz Table ITI.
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TABLE III
VAPOR PRESSURE OF SOLCIUM ACID FLUORIDE
Temperature Vapor Pressure of Hydrogen Fluoride
(°C) Hydrogen Flueride in Nitrogen
uover [aF<HF (vol %)
(rm)

25* 0.01 0. 041
100* 1.4 0.18
200 b1 11.5
250 422 55.6
275 706 93.0
278* 760 100.C

*Vaine obtained by cxtrapolation.

The data indicated that hydrogern fluoride could be largely removed from a fluorine
stream by sodium fluoride at 100°C. Pilot plant performance confirmed this fact.
Tenperatures below 100 C were not empleyed, because semifluid polyacid fluorides
tended to form and plug the reaction bed.

It was found that sodium fluoride pellets absorbed up to 1 mol of HF per ol of
NaF with practically 100 per cent efficiency. The partial pressure of hydrogen
fluoride in the exit gas rose only very slightly before this quantity had been absorbed.

A tower containing 1/8-inch sodium acid fluoride pellets {obtained from Harshaw
Chemical Cc.), 3 inches in diameter and 4 feet high, was swept with nitrogen at
temperatures between 275 and 300°C, to remove all of the hydrogen fluoride except
about 0.02 per cent. The sodium fluoride formed was used to treat fluorine containing
4 voiume per cent of hydrogen fluoride at the rate of 1.5 lb/hr. Such a tower was
taken through five 60-hour cycles of alternate absorbing and regencrating approxi-
mately 12 weight per cent of hydrogen fluoride; Jeterioration of the peilets was not
sufficient to increase resistance to gas flow.

Copper oxide wire may be nsed to remove ozone fram the fluorine delivered from an
electrolytic cell, since it is not affected by the fluorine but decomposes quanti-
tatively any ozone present (Cf. Ref. 5).

F. Liquefaction

Fluorire can be fairly easily liguefied at low temperatures, and it can then be
pleced in containers under pressure by re-evaporaiioi. A large quantity of liquid
nitrogen is reguired, however, and the cust of the labor is lugh This method has been
employed on a considerable scale {or packaging fluorine in gmall cylinders under
pressures of several hundrcd j.wuds per square inch (particularly by the du Pont (0.),
but so far it has been considered safe to liquefy only a few poumds at one time, and
the procedure is slow (Cf. Ref, 28),

In one series of experiments in which fluorine was condensed in a nickel container
holding 6.75 pounds ni the liquid, 7 pounds »f liquid nitrogen was required per pound
of fluorine, on the average (Cf. Bef 27). ]

In descrlbmg the liquefaction of fluorine frcm an electro.yuc cell, Neumark
(Cf. Ref. 1) states that the fluorine gas from the cell was passed through a nickel
coil at 300 C in crder to destroy such "potentially explodable" substances as O, and
O'ZF.'Z' The gas was then passed through a cooler and through a trap cooled with 11q1.1d

Page 7




1
Memorandum No. 9-16 JPL I
oxygen in order to remove hydrogen fluoride. Finally the fluorine wes condensed in a
glass flask cooled with liquid nit-ogen. Therz was a sulfuric acid pressure regulator
at the end of the trazin; by raising or lowering the liquid nitrogen Dewar flask, a
pressure a little above that of the atmosphere was maintained in the system. Thus no
air could enter the system through leaks.
=
to the cylinder. The cyiindsr was evacuated after beirg carefuliy clecned of all
traces of moisture, scale, and organic mstter. It was then placed in 2 Dewar container
with liquid nitrogen. A copper tube and ground  oints were used to connect the flask
with the cylinder. A metal gage and a diaphraygm valve were used. The distillatieon was
contralled by slowly removing a Dewar flask from the flask contairing the fluorine.
Cylinders charged in the manner described were shipped and were used for more than
3 years in Germany without troubie.

G. Characteristics of Reactions Between Fluorine
and Cer*ain Substances

Simons (Cf. Ref. 29) points out that_. aithough the fluorine molecule is very
stable, it is extremely reactive under the proper canditions. For this reascn reactioms
of the element are difficult to control, and catalysts are important. in these reactions.
The reaction between fluorine snd hydrogen involves a relatively large amount cf
energy, bui this reaction is difficult to control. In measuring the hLeat of this
reacticn, it was found necessary to nse an eleciric discharee at the site of the flame
ir order to prevent flame extinction and subsequent explosion. |

Aoyama and Kanda (Cf. Ref. 30) investigated experimentally the reactiorn betwaen
solid fluorine and liquid hydrogen. A violent explosion occurred in one experiment,
and only a mild explosion if any, in the others. Ail of the experiments were conducted
outdoors, and light was allowed to reach the elements in contact with each other. No
explosion occurred when the gaseous elements were mixed in a large glass container at
ordinary temperatures, even when the container was exposed to sunlight or tc the light
from a mercury lamp, except occasionally when the wall of the container was new.
Fluorine fresh from the generator was found more likely to react than fluorine which
had been first liquefied and then veporized.

Bodenstein and Jockusch (Cf. Ref. 31) studied the reaction between fluorine ard
hydrogen in glass, quartz, and silver. In new glass at -190°C, the pressure decressed
from 500 to 470 mm ir 30 minutes. In used glass at -190°C, evacuated at -190°C, the
pressure decreased from 500 to 485 mwm in 30 minutes. In used glass at -190°C, evacu-
ated when hot, the mixture exploded. In used glass at 20°C, the pressure decreased
one half in sbcut 100 minutes, In quartz at -80 and at -190°C, there was a shattering
explosion within a few secouds, regardless of which element was introduced first. At
20°C, when the fluorine had stood for 20 minutes in the quartz and was removed, and
the aydrogen introduced first, the reaction resemtlcd that in glass. In silver with a
film of silver fluoride (AgF) at 20°C, there was an explosive reaction; at -150°C the
Teaciion was slow.

Mixtures of carefully dried hydrogen and fluorine are nonreactive, even under the
influence of ultraviolzat light (Cf. Refs. 32 and 33). Bodenstcein, Jockusch,and
Shing-Hou-Charg {Cf. Ref. 34) report that very little resction ocdurred between
fluorine and hydrogen in a magnesium vessel at rcom temperature and at 4 pressure less
then atmospheric. Ultraviolet radiation caused rno reaction in the magnesium vessel at
-78°C. The addition of a moderate amount of chlorine tn s mixtuce of fluorine and
hydrogen in the magnesium vessel caused nc reaction. The auchors have not stated their
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condicions completely. Fluorine and hydrogen reacted with a measurable velocity at
-78°C in a quartz vesse!l into which ultraviolet light was passed. Jn a platinum vessel
at -78°C with no illumination, the reaction began slowly and gradually died cut. The
authors conclude thet the reaction was wall-catalyzed. 'The velocity was increased by
ultraviolet radiation, but the effect was weak. The reaction was irregular.

Evring and Kassel (Cf. Ref. 35) describe experiments in which the reaction
between hydrcgen and fluorine was inhibited. Fluorine obtained from a gencrator of the
usual type was conducted to the center of a 3-liter flask by means of copper tubing.
Also hvdrogen and nitrogen from tanks could be introduced near ihe center, and an exit
tube was provided. The usual procedure was to flush the flask with nitrogen, admit one
of the reactant gases, and then admit the other. Eyring and Kassel never observed a
steady flane where the gases mixed. They sometimes observed flashes from the copper
tubing. In some experiments, no reaction occurred for several minutes; ithen there was
a mild explosian, sufficient only to blow the rubber stopper out of the flask. In one
experiment, they admitted the hydrogen and then a quantity of fluorine much larger
than usual, but chere was no indication of reaction. They waited 1/2 hour and started
a rapid flow of nitrogen with the intention of sweeping the mixture oat of the flask.
Imnediately there was a very violent explosion. The flask was shattered, a towel which
had enclosed the flask was cut into shreds, and a protective screen made from glass
containing wire was cracked in many places. The experimenters presume that the
explosion was started by sulfur, talc, or other catalytic material from the rubber
tubing of the nitrogen supply line. They point out that for i/z hour before the
explosion, there must have existed = mixture of hydrogen and fluorine varying in
conposition between 100 per cent hydrogen and 100 per cent fluorine without appreci-
able reaction.

No reliable catalyst for initiating the reaction betwcen hydrogen and fluorine
has been found (Cf. Refs. 14 and 15).

Generally, the reactions of elementary fluorine involve relatively large activa-
tion encrgieés. On the other hand, it has strong affinities for most of the other
elements. Consequently, after a reaction has started, it proceeds very rapidly.A
mixture can be made up of fluorine and some substance with which i1t wiil react, and a
small stimulus can cause the mixture to explode. For example, fluorine can be mixed
with carbon tetrachloride vapor without an explosion occurring, but heating the
mxture or an electrical spark causes a shattering explosion (Cf. Ref. 7).

In an experiment performed by Ruff end Keim (Cf. Ref. 36), fluorine was conducted
through a glass tube intov liquid carbon tetrachloride in a glass vessel fitted with a
condenser. The gases escaping passed through the condenser (which kept back the carbon
tetrachloride vapor) and were then condensed in two receivers, one at sbout -120°C
end the other at about -19G°C. No significant reaction was evident at roor temperature
ot upon heating to 40 or 50°C. However, when the fluorine was conducted in whiie the
carbon tetrachloride was being boiled, violent explosions occurred after some time,
shattering the vessel.

Some of the reactions of fluorine often have erratic rates. Fluorine usually
reacts vigorously with water, either as the vapor or the liquid, the preducts being
kydreflacric acid and oxygen, hut an unexplained inlubition has been cbuerved {re-
quently. A mixture of water vapor and fluorine may be formed until an explosion
occurs. Inhibition has been observed in reactions between fluorine and crganic matter,
particularly with fiuorine at pressures near 1 atmosphere (Cf. Ref. 37).

The reaction between water and fluorine can occur in two ways: (i) a reaction at
the gas-liquid interface, in which a purple flame is evolved, and (2} a reaction
slower than the first, in which no flame is evolved. The second reaction is actually
quite rapid, a hundred fold decrease in fluorine concentraiion occurring in a contact
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time cof 4,5 seconds, and a thuusand fold decrease occurring in a contact time oi 8.5
seconds. This slow reaction cun be replaczd Ly the turning reaction through the
addition of small amounts of volatile aliohols Lo the wnter. Violent explosions occur
when the slow or nonburning reaction is suddenly replacad by the burning reaction (Cf.
Refs. 14 and 15).

When fiuorine at high vressure is suddenly released under <uci: conditions that it
reacts with neighboring substances or with water vapor, a flame similar to that of a
high-current electrical flare is produced (Cf. Ref. 37).

Fichter and Goldach (Cf. Ref, 38) found that 1f fluorine gas is passed irito a
solution of ammonia or ammonium carbonate in small bubbles and is finely dispersed by
means of a high-speed stirring device, some of the fluorine escapes unreacted.

According tc Barncroft and Jones (Cf. Ref. 39), "when fluorine is brought in
contact with benzene vapor there is an inductian peried, after which the reaction goes
explosively." Delayed reaction has been observed with chloroform vapor and fluerine
and with acetylen= tetrachloride vapor and fluorine at room temperatures (Cf. Ref. 40).

Aoyama and Kanda (Cf. Ref. 41) state that the "solubility” of chlorine in liquid
fivorine at -195°C is 1.04 per cent.

H. Materiels for Various Purposes in Apparatus
Handling Fluorine

Iron is not satisfactory as the material for the body of the high-temperature
fluorine cell (Cf. Ref. 42), but Monel is suitable {Cf. Bef. 43). Fowler et al {Cf.
Ref. 44) report that Monel was found to be the only satisfactory material for the
skirt and riser tubes {inr contact with fluorine) in the high-temperature cell. Copper
was noc satisfactory for parts exposed to the electrolyte.

Copper has been employed in fluorine cells, but it is attacked somewhat by the
electrolyte (Cf. Ref. 24). Used for the pot and diaphragm, magnesium is said to resist
very well the action of the het electrolyte, even though the pot serves as the
cathode. A thin adhering coat of magnesium fluoride fcrms on the surface and is
_insoluble in the hot electrolyte. Magrzsium is considered superior to copper for this
application. In the cell constructed by Bancroft and Jones, the magnesium showed no
corrosion after use of more than a year (Cf. Refs. 24 and 39).

In experiments in Germany with various metals as fluorine celi cathode materials,
it was found chat nickel corroded considerably without current flow and that the
corrosicn deposit tended to blister. The electrolyte had approximately the composition
expressed by KF*HF, and the temperature was 250°C. The corrosion rate was 28 gm/sq m
day, kit with a current deneity of 45 amp/sq ft the rate was approximately 5.5 gm/sq m
day (Cf. Ref. 1).

Magnesium corroded badly, expecially at the liquid level line, when ihe currcent
was fiowing, but a dense coating of inagnesium flucride protected the metal underneath
when no current was flowing. Magnesium and en alloy containing 985 per cent magnesium
and 2 per cent manganese praved to be the materials most resistant to attack under the
conditions specified (Cf.” Ref. 1).

In using cast nickel for the body of a flucrinz generator, Miller and Bigelow
found that this metal was almost unaffected by corrosion, even though the cell
operated at temperatures between 250 and 300°C (Cf. Ref. 45). }

It is reported that Moissan and Dewar liquefied fluorine in 1897";‘ using liquid
oxygen. Glass, silicai, finely divided carbon, suifur, and powdered iron are said not
to have reacted with fluorine at the boiling point (Cf. Ref. 28).

Fluorine can be safely handled in iron pipe at room tenperatures and atasospheric
pressure (Cf. Refs. 37 and 46). There is no appreciable attack except for the forma-
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tion of scale and some corrosion at the exit end in case atmospheric moisture can come
in contact with it. lhis siatement applies to copper tubing also. The metal [iuoride
deposit which forms protects the metal underneath from attack, but in pipes subject to
bending or vibration, thc deposit mey become dislodged and accunulate at points of
restriccion. Oxide scale, sometimes present in new iron pipe, forms a powdered
fluoride, which may cause stoppages {Cf. Ref. 46). Where equipment is contaminated
with organic material or water, combusticn of <his material in the flucrine can cause
ignition of the metal. After the metal is Ignited, it burns as long as the fluorine is
supplied (Cf. Refs. 27, 37, and 46). I{ the flucrine is at a high pressure, bursting
of the pipe creates a situatioi: very dangerous to persoannel, the fluorine, molten
metal, and reartion products being spread over a relatively large region. Even if the
metal does not ignite, difficulties result from fouling and plugging of the system
{Cf. Ref. 27). Where the wall of the pipe is at least as heavy as that of standard
pipe, spontaneous combustion will not occur in the absence of contaminants except in
very unusual cases (Cf. Bef. 37),

Landau and BRosen {Cf. Bef. 37} report the results of experiments on the effects
of fluorine on contamnated systems. These iecsults are presented in Table IV,

TABLE 1V
EFFECTS OF FLOWING FLUORINE ON A CONTAMINATED SYSTE¥
Tube BPure Fluorine zt 50 psig Gas Contalning 20% Fluorine
Orifice 3/8 in. | Orifice 1/8 in.|Tank Pressure ifice 1/8 im.

Clean brass no reaction --- —e= ne-
Clean copper no reaction -—- ~e- -
Clean stainless st&el| no reaction -—- --= ---
Brass, 1/4 in. D, heated to red cee . me- ---

1/16-i|n. wall, heat, no burn-

cil-covered ing
Copper, 3/8 in. D, burning as long | burning as long 50 psig no reaction

oil-covered as gas flowed as gas flowed
Stainless steel, heated to red heated to red --- ---

3/8 in. D, heat, no heat, no

1/16-in. wall, burning burning

oil-covered

Nickel is knewn to be less reactive to fluorine than steel is at pressures near
1 atmosphere. Though pipes of steel, copper, and brass hzve been nsed successfully
{Cf. Ref. 27), Mone! or nickel is recommended for applications in which the forratien
of fluoride scale is objectionable or in which the temperature of the pipe may be
elevated (Ci. Ref. 46). Of the metals which are useful for fluofine piping, those
having the lower corrosion rates at atmospheric pressures have the highes kiidling
temperatures (Cf. Ref. 27). Brass is more resistant than steel (Cf. Ref. 27}, end lead
is unsafe even for gaskets (Cf. Refs., 27 and 46).
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In an article which appeared in March 1947, Landau and Posen (Cf. Ref. 37) wrote:
"The use of Monel or nickel for piping is preferable for the handling of pure fluorine,
particularly under pressure. Commercial large scale experience tc date has not
invelved the extensive piping of fluorine at pressures above 30 pounds per square inch
gage and the use of Mone! pipe for this service has been very satisfactcry. Present
evidencc is thati Monel piping can be used safely at even higher pressures.”

Experience has deronstrated that welded joints are better then joints made with
flanges or by threading at any pressure, but in case joints must be capable of easy
disassembly, as where provisions must be made for repa’rs or other operating pro-
cedures, flanges should be used. Only a few materials are suitable for gaskets, Soft
copper or aluminum can be used, or Teflon in the case of low pressures. for mixtures
of fluorire and ineri gases containing lecs than 20 per cent fluorine. clezn Butyl or
Neoprene gaskets can be employed, provided the surface of contact between the gasket
and the gas is relatively smail and the joint is not frequently broken. Most rubbers
lose strength rapidly upon exposure to fluorine; for this reason it is desirable to
replace - rubber gasket (other than Butyl) eack time the joint is formed. A copper-
jacketed asbestos gasket also can be used for these mixtures (Cf. Ref. 37). Fruning
et al (Cf, Ref. 27) recommend annealed copper for gasketed joints. The seating
surfaces should not have nicks and should be aligned carefully.

According to Froning et al (Cf. Ref. 27), the use of threads for joints at
atmospheric pressure is practical, provided the minimm amount of lute for lubricatian
1s used. The least reactive lute that has been applied is a paste made from powder=d
fluorspar and a fluorocarbon. Threaded joints for high pressure are back-weldec as a
routine matter, but steel-to-brass threaded joints have never required back-welding
when the threads have been in good mechanical condition. The formation of a =2zl
without a lute is supposed ¢o result from the relationship between the resiliencies of
these two metals. Landau and Rosen (Cf. Ref. 37) state that threaded joints are
unsatisfactory. They add that if threaded joints must be used, lute should be applied
sparingly and not to any parts of the thread which might be exposed to fluorine. They
also recommend the paste made from powdered fluorspar and a fluorocarbon. Systems
containing welded joints have been found almost as flexible as those containing
flanges or threaded joints, =incc a good welder can cut and weld a pipe in a short time.

In one instance, it was observed that no lezks had occurred in csrtein stendard-
taper, pipe-thread joints between brass valves and steel cylinders which had been
under pressure constantly for more than 2 years. However, it was necessary to devise a
gasket-sealed joint for nickel cylinders, apparently because the resilience of nickel
is lees thuwi ilac of steel (Ti. Ref. 27).

The desirability of welded joints is greater in the case of operations with
fluorine at high pressures than in the case of operations at pressures near 1 atmos-
phere. Metal gaskets alone are satisfactory for flanges used at high pressures. Under
these conditions, all joints should he of massive construction with ring-type ccpper
or aluminurm gaskets. A gasket should not be used again aiter the joint is disassembled.
The use of nickel or Monel for retaining fluorine under high pressure is highly
desirable, because these metals do nut take fire easily. Containers for the storage of
fluorine under high pressure should bs isolated in concrete rooms which are ade-
quately ventilated (Cf. Ref. 37).

Fluorine has been stored st room temperatures and pressures up to 20 atmospheres
in nicke! cylinders having capacities of 3, 5, and 12 liters. Uson ppening these
cylinders after a year of use, it was found that in each case the i?;side surface
consisted of a thiz uniform film of nickel flueride, which evidently acted as a
proteciive coating (Cf. Ref. 47).
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In & patent, Priest and Grosse (Cf. Ref. 48} have described a tank for holding
fluorine, made from copper, nickel, or a copper-nickel alloy with a copper content in
excess of 60 per cent. The fluorine can be stored at pressures up to 200 psi in tix
tark. Charging may be accomplished by passing the fluorine chrough a trap in dry ice,
causing it to condense in a trap immersed in liquid nitrogen, and distilling it from
the latter trep into the tank. A helium atmosphere is used to prevent condensation of
air in the liquid fluorine in the trap.

Froning et al (Cf. Ref. 27) give information with regard to protective barriers.
It has been found that steel plate 1/4 inch thick is satisfactorily resistant to an
impinging fluorine stream. If a line carrying fluorine at high pressures must be
placed less than 6 inches from a waull, or i{ reservoirs containing more than 5 pounds
of fluorine or pressures greaster than 400 psi are to he employed withcut further field
tests, a brick structure is recommended. Although fluorine readily attacks brick
after ignition, penetration occurs slowly. Concrete loaded with flworspar hLas been
found much more resistant than brick.

Nickel and Monel have excellent resistance to fluorine at low and high tempera-
tures. Aluninum and magnesium have good resistance. Iron and steel are much less
resistant, particularly at 900°F and above. The excellence of nickel and Monel is due
to the nature of the fluoride cvating, which is adherent rather than powdery. The
nickel fluoride coating is invisible, whereas the iron fluoride coating is green and
powdery (Cf. Ref. 37). Mild steel in contact with fluorine begins to burn at about
500°C, but the temperaturc depends somewhat upon the thickness of the steel {(Cf.
Ref. 49).

Date on the corrosion of variocus metals Ly fluorine under many conditions are
reported by Brown, by Landau and Rosen, and by Myers and Del.ong. The data in Table V

are given by Brown (Cf. Ref. 11). A1) the tvres of stainless steel tested by Brown
were quite severely attacked by fluorine at temperatures above 400 to 500°F. Nickel
appears to be quite resistant to corrosion up to 900°F and probably to about 1000°F,
according to Brown. Corrosion rates for Monel were more erratic and generally higher
than those for nickel, and the limiting temperature for useful service should probably
be given as 50 to 100°F lower. Inconel is considerably less resistant, and it is
definitely unsuitable at 750°F, the lewest temperature at which it was tested. Under
the test conditions aluminum (25) was essentially unaffected up to 850°F and could
probably be used at somewhat higher temperatures, aside from mechanical limitations.
Copper was found to be more resistant to fluorine than to chlorine and proved guite
useful in service, although it-wes inferior to eicher nickel or Monel. Magnesium
(Dow metal G) was unattacked up to about 575°F.

The fluorine used inm the tests conducted by Brown was prepared in a laboratory
generator and contained traces of oxygen. Prior to entering the heating tube, the
fiuorine was cooied to approximately ~80°C. The fluorine pressure was approximately
1 atmosphere. Generally the period of exposurc was 2 or 3 hours, but some tests were
made cf durations between 3 and 15 hours. Longer periods had no apparent influence
upon the results.

In Brown’s experiments, different lots of steel displayed great variations in the

S -

resistance to corrosion by [luorine. He traced these variations to the difference in
silicon content of the order of 0.20 per cent, to the rate for rimmed stezel, normally
containing less than 0.0] per cent silicon, can be as high as 100. Steel having a very
low silicon contert ic satisfactorily resistant at temperatures up to approximately
700°F, wheveas steel containing 0.22 per cent silicon used in the tests was quite
badiy atiacked at 400°F. At 930°F, the silicon convent was no longer = controlling

factor, all steel samples being very severely attacked at this temperature,
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TABLE V¥

CORROSION OF CARBON STEELS BY FLUORINE

Steel Temperature - Peretration Rate
(°C) of Corrcsion
(in. /month)

Annco iron 200 0. 002
350 0.0082
400 G.236
450 0. 300
SOC 11.6

SAE 1020 (0.22% Si) 200 0.0377

: 250 0.480

300 £.920
350 0.145
400 0.680
450 1.52
S60 i4.9

Mild steel (0.007% Si) 200 0. 06000
250 0.0161
300 0.0044
400 0.01i4
450 0. 300
500 7.4

0.27% C steel (trace of Si) 200 0. 0006
250 0.0079
400 0.153
450 0.540
500 19.8

The corrosion rates obtained by Browa for copper were higher than those cbserved
in practice, but the difference is believed to be duc to traces of oxygen in the
fluorine. Itwas observed that the coating formed on the copper was at least partlyoxide.

The data presented in Table VI are given by Landau and Fosen (Cf. Ref. 37).

The data given in Table VII are taken frim Myers and Delong (Cf. Refs. 12 ard 13).
In the tests corresponding to these data the pressure of the fluorine: was approxi-
mately 1 atmusphere. The duration of exposure was about 4 hours in mnst cases. The
longest rime wss approximately 15 hours. No significant decrease of corrosion with

The composition of the carbon steels used is given in Table YIil. An examination
of. the corrosion data together with the compnsitions indicates that the silicon
content profoundly affects the corrosion bchavior at temperatures to about 400°C.
Carbon steels having a silicon content less than 0.9] per cent resist fluorine well at
these temperatures, whereas a siiicon content of 0.07 per cent or greater increases
the corrosion rate mterially. The corrosion rates for carbon steels are so large
sbove 400°C that rthese materials are useless for handl:ng fluorine at suchtemperatures.

Page 14

.......



JPL

0
-4

]
9.
.m :
|
g
=

i

Butuvato a933e e0°0 .- 1 0651
(xew)
Butuwapo 33w 20°0 . 1 0t6 s AFN TRy
ured Jiftas 10 = 1 0651 ==

uted JyFraw 900°0 = 1 0€6 = I99E PPN

¥o933® FIqUIOTIOU Ou -- - €T 02 o1 Suxqny Tovol
JUIIR]IFLIqUS 1O

UOTSOJIICO JCG IVUIPTAS OU - -- 1 1144 7 pran T 900K

Wiy Arqeqoad -- $°0 £€0°0 ovi T [10F TPWN
shofye pus [MRIN

(TS %6.70)
= 1£43 §°0 i6€ e WJIT WO Te- YTy
(%S 4%00°0)
o 181 S0 H 1 O O T8 =My
Teuty -- 70
reratut e FTA 1 97 9 1ot avs
[RLALUL i 1 0c6

€€ | L9T 0z BOIY: O30ty

199g
(Yauow/-ut) | (Lep a3 bs/Bu) (sqe me) (v4ep)
autzonyy J,) armsodxy
§ Y Teuoy NQYY U TSOII0) JO darssary duray, Jo aarj, T8I

INIHONTd Ad STVLIW SNOIYVA 40 NOISOVUCO

IA 478Vl

Page 15

l




T AR e it L e bt |

~d
5
yoene
| jo Wis ayavens ou - -~ T 41 1 (02OT AVS
" w ‘ur £3°0) ANvd
ENWCIY)
S LA €0°0 ortl 4
___ ¥’ ma&?. RB E-.
) = ST €0°0 orl [4 (W %3 °0
: ‘uz %1 ‘TV %€) VI-Sd
-- L0 €0°0 0%1 4 (M XST) W
(3394 3aMmy)
gAoT[¢ emIsouey
¥ A1qeqoad -- 0°Y €0°0 o (4 (02-98) IN-D
Wy A1quqoad - 80 €0°0 o F4 Jznoag
W1y Arqeqoad == £°1 €0°0 ov1 (4 199ys (0€-QL) sseag
€ i 1 0621 --
a°0 e 1 0£6 -- PETY
2.y ydnud -- - 1 052-00¢ = TooM
yiry Ajqeqoxd -- 9'0 €00 o¥1 4 TYod
slore pe 3wddop)
£EINTEA [RIIAIS JO Xew 9G°0 -- 1 11841 ==
SIN[BA [BIIAIE JO XOW $0°0 .- 1 0€6 = 90YS
IYATY Jouwlre JerITUT - w0 I 60¢c 9 Tro4
WHLLIIS [y
©o
M, (yauow/-ux) | (Aep 13 bs/2u) (sqe wne) (sAup)
: JurIonyy (do) ansodxy
2 syXeway QWY UGTSOLIO) jo anssaug dm] Jo aurj, TN
_ |
_ 3 ©
§ (P.3u0)) IA FTEVL -
_ $ nm.



JPL N Memorandum No. 9-16

TABLE VII
CORROSION OF VARIOUS METALS BY FLUCRINE
|
Metal Temperature Pznetration Rate
(°C) of Corrosion
(in./month)
Steel .
Armco iron 200 0. 0C00
i. 250 0.002
: 00 0.009
' 350 0.008
400 0.024
450 . 0.3
500 11.6
SAE 1020 (0.22% Si) 200 £.038
250 0.48
00 G.66
350 0.147
430 0.54
450 1.52
SAE 1030 (trace of Si) 200 0.002
250 0.008
300 0.009
350 0. 0000
400 0.015
450 0.54
500 19.8
SAE 1030 (0.18% Si) 300 0.75
SAE 1015 (0.07% Si) X0 0.83
Sheet steel (0.007% Si) 200 0.0005
250 0. 016
300 0.004
350 0. 0002
400 0.012
450 $.30
500 7.4
Music wire (0.13% Si) 300 0. 40
Type 430 Stainless steel 200 0. 0007
250 6.0000
300 0.258
350 0.078
400 0.078
Type 347 stainless steel 200 i 0. 0000
250 ! 0.145
300 6.213
350 0.517
400 0.795
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JPL

TABLE VII (Cont'd}

Metal Terperaturs Penstration Hate
(°C) of Corrosion
(*p./manth)
Steel
Type 309-Cb stainless steel 200 0.0000
250 0.0100
300 0.075
350 0. 462
400 0.665
Type 310 stzinless steel 200 0.0000
250 0.0000
300 0.031
350 0.354
400 0.561
Nickel and alloys
Nickel 400 0.0007
450 0.0019
500 0.6051
60 0.029
650 0.016
700 0.034
Monel 400 0. 0005
450 0. 0015
500 0.002
600 0.060
650 0.080
700 0.15
Inconel 400 0.038
450 0.096
500 0.062
600 0.17
€50 0.13
700 C.51
Aluminum (25) 400 0.0000
450 0.0000
500 0.013
600 0.ul8
Deoxidized copper 400 0.16
500 0.12
600 , 0.99
00 3 2.2
Magnesium (Dow metal G) 200 0.0000
280 ARVHIT Y
300 0. 0000

Page 18
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TABLE VIII

COMPOSITION OF CARBON STEELS USED

Steel Camoositicn (%)
Carbon Manganese Silicon Sulfur Phosphorus

Armco iron -- -- .- - --

SAE 1020 0.192 1.00 0.22 0.033 0.024
SAE 1030 0.27 0. 50 trace 0.031 0.014
SAE 1030 0.27 0.62 0.18 0.025 0.018
SAE 1015 0.15 0.62 0.074 0.023 0.0]12
Sheet steel 0.042 0.30 0.007 0.055 0.020
Music w:: - 0.93 0.54 0.13 0.021 0.030

None of the stainless steels tested is satisfactory for handling fluorine at
temperatures above 250°C. The corrosion rate of type 347 was high at even this
temperature. Prohably the presence of silicon is partly responsible for the poor
resistance of the stainless steels. The wrought stainless alloys usually contain
approximately 0.5 per cent silicon.

Fluorine from cells of the type e-ployed contains some oxygen, and Myers and
Delong suspect that high rates in same cases, particularly in that of copper, were due
to oxygen in the fluorire. The corrosion products formed on the copper specimens were
black and friable, suggestive of cupric oxide.

Information regarding the behavior of nonmetallic substauces in contact with
fluorine is available from a number of sources. Landau and Rosen {Cf. Ref. 37) give
the information presented in Table IX.

If igbricated with a fluorocarbon o0il, vacuum pumps can be used on dllut.ed
fluorine. Laboratory pumps such 2= the Cencc have been so used. The F.J. Stokes
Machine Company and the Beach-Russ Company have made pumps which handle diluted
fluorine, with capacities up to 100 cu ft/min, for plant use (Cf. Ref. 37).

Teflon is unaffected by exposure to hydrogen fluoride 2t temperatures in the
neighborhood of 100°C, but it may be severely corroded by fluorine gas at these
temperatures, especially at points where good thermal release is not provided (Ci.
Ref. 46). Myers and Dalc::g (Cf. Refs. 12 and 13) used Teflon gasket.s andTeflu.—pm_ked

. abam ~f simens mnea =1 £3..
"°“’“° in an appa:'u!...s 13 which COrTGSion rates i variais mclaas in lu.u\n;uc gas wIc

measured. Apparently the Teflon was at or near roam iemperatures.

According to Landau and Rosen (Cf. Ref. 37), a raterial described as "fireproof
neoprene on & fiber glass basze®, developed by the B.F. Goodrich Company for hangar
curtains, has proved satisfactory in resisting fluorine blasts of 8 liters at 40 psig
at zero distance. Similar materials produced by other companies failed under condi-
tions similar to these. The B.F. Goodrich Company has designated the satisfactory
material as EOC-11-128-44000 (misc.) fabric. All the cemented seams tested except
one developed by the same company burned vigorously upon exposure to blasts of
fluorine. The cement of the resistant seam was the original coating material of the
ECC-11-128-44000 (misc.) fabric. For the best results, the fihel product should
be cured after the seam has been made. In discussing industrial experience with
fluorine irn Germany, Neumark (Cf. Ref. 1) states that rubber was found to withstand
fluorine gas very well in a dead space, being ignited in flow oniy.
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EFFECTS

TABLE IX

OF FLUORINE ON NONMETALLIC MATERIALS

Material Condi ti iy Results
ccl, 10% gas bubbied through no reaction
20% gas bubbled through flames; mild explosion
B~alumina 3 br at 392°F no weight gain or surface effects

CaF, cement, baked dry
(with NaySi0,)

Amorphous carbon
Graphite

CGlyptal

Rubber (various kinds)

Transite

Mixture containing
5% nitric acid
(76%) and 95%
sulfuric acid

{96 to 98%)
100% sulfuric acid

Q8% aul furic acid

85% orthopiosphoric
acid

various canditions

400°F, approx
212°F

212°F

17°F

various conditions

various conditions

100%, 1 atm, 4 hr
100%, 1 atm, 100°F

:
3
fo
)
£
G
[
L
e
poeb
E..

100%, 1 atm, 100°F, 0.1 hr

partial or nearly complete
conversian te AlF,

10 appareni attack

no visible effect
embrittlement
nc burning if Laked dry

erratic; may or may not bumn;
attscked to some extent in
all cases, with increasing
brittleness, cracking,
surface hardening

resistant if clean

no noticeabie change

litile attack; may get warm
if impurities are present

Tapid tempriniuie rise: some
explosions as temperature
rises

no temperature rise

M explosive substance is formed when fluorine reacts with carbon (Cf. Ref. 50).
Ordinary Norit igrites in fluoirine at 29°C and burns to a mixture iof fluorides with
the formation of an explosive residue corresponding to the formula CF. Oxygen-free
Norit can be heaied t5 280°C in fluorine of about 25 mm pressure without igniting.
Nevertheless, fluorination takes plac: and at 280°C cortinues until the composition
corresponding to CF 1s reached. When tne fluorination is curried out in a copper tube
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at about 400°C, explosions occur at regular intervais. However, above ubout 450°C,
burning cccurs quietly and complietely (Ci. Ref. 51},

Graphite does not ignite in fluorine at ordinary temperatures. Moreover, it
cembines with fluorine sr asbsorbs fluorine only siightly. For exemple, graphite
absorbs about 15 per cent of its weight of fluorine in 5 to & hours at 20°C, and
heating of the product causes no noticeable reaction. However, at about 420°C, it
reacts to form CF. At akout 500°C, powerful explosions occasionally occur under
conditions vimilar to those for Norit, but these explosions disappear as the tampera-
turc is rzised. At about 700°C, the fluorination takes place smoothly and without
danger (Cf. Ref, 51).

In an article conierning industrial experience with flucrine in Germany, Neumark
(Cf. Ref. 1) states that anhydrous hydrogen fluoride catalyzes the reaction between
graphite and [luorine to form CF. Table X shows the resuits of experiments in which
fluorine was conducted over a coarse S-40 graphite upnder variouc conditions of
temperature and time. The fluorine —hydrogen fluoride mixture was obtained by passing
the fluorine through a flask containing liquid anhydreous hydrogen fluoride maintained

TABLE X
EFFECTS OF FLUORINE UPON GRAPHITE
Gain in Weight (%)
Temperature Time Intervel Fluorine Stream Fluorine-Hydrogen Fluoride

(°C) {min) Stream
215 60 - 3
270 180 0 7.2
270 360 - 7.8
300 55 - 4.6
360 60 1.35 ==
365 S0 -- 8.9
400 55 - 14.1
420 150 -- 36.8
40 60 5.3 ==
460 210 -- 67.2
510 90 30 -~

at 0°7. In the experiment at 300°C, the graphite lost its characteristic metallic

sppearance and

hanama weenh hlo_lo.—

Al AR, Amaldl UAGLATL »

— Tl oo KanSnii s aa « AAND ™ ~ .
In the expeiiment at 400°C, CF wans formed, as wae

shown by an X-iay study. In the research discussed by Neumark, fluorine free of
hydrogen fluoride had important effects upon graphite and caused the formation of CF
at temperatures above 450°C only,

The results of a series of experiments in which the coarse S-40 graphite was
compared with coke oven graphite with respoct to the formation of CF are given in
Table XI. The appearance of the coke oven graphite and its X-ray picture seemed to
be unchanged.

Neumark discusses experiments with S-40 graphite which had been treated for 8
hours with a mixture of fluorine and hydrogen flucride at 250°Cand had been conpressed
at pressures of the order of 400 kg/sq cm.

Fluorine attacks ordinary glass only slowly in the absence of water at room
temperatures and pressures near 1 atmosphere (Cf. Ref. 4). Pyrex glass is more
resistant than ordirary gless. Quartz 1s a little mors resistant thun glass (Cf. Ref.
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92). Fluorine attacks Pyrex giass only slowly, if ai all, at room tciperatures and at
prcasures up to 1 atmosphere, provided no water is present on the surface of the
glass {(Cf. R=f. 5.

That carbon dioxide cices not react with fluorine at room temperatures and pres-
sures near i atmosphzre is shown by the fact that Bockemiller (Cf. Ref. 40) used
carpcen dioxide to dilute {iuorine in studying the reaction of the latter with paraffin.

TABLE XI

COMPARISON OF EFFECTS OF FLUORINE UPOI\' GRAPHITE
SPECIMENS UF TwO TYPE

Temperature | Time Gain ip Weight (%)
(°C) Interval| S-40 Graphite | S-40 Graphite | Coke Oven Coke Oven
(hr) in in Flucrine-- |Graphite in Graphite in
Fluorine Strear [Hydrogen Fluoride| Fluecrine Fluorine--
Stream Stream |Hydrogen Fluoride
Stream
4 0.2 8.5 0.2 0.5
250 8 -- 9.0 0.4 0.7
4 0.5 9.0 - 4.0
300 8 -- 10.0 .- 6.0
360 4 1.5 10.0 -- 18.0
360 8 : -- 13.0 - 26.0

I. Valves for Handling Fluorine

The problem of valves is the most troubiesome one in the industrial handling of
fluorine. The principal difficulties are leakage across the stuffing box and leakage
past the seat when the valve is shut. Packless valves can be used to avoid leakage
across a stuffing box. Cf the f2» such valves which are suitable for the industrial
handling of fluorine at low pressures, one is the Kerotest diaphragm packleaa vaive,
in which the diaphragm is of copper. This valve can be used if the seat is replaced
with one of Teflon or the equivalent. Another satisfactory packless valve is a
bellows-seated valve made by .the Crane Company. For diluted fluorine at low pressures,
other industrial valves have been used with zeme succeczz; all were packed with apecial
corrosion-resistant substances, such ag Teflon. In valves handling fluorine at low
pressures, seat leakage can be largely overcome by proper designing, in which Teflon
or its equivalent is used as the seat meaterial, and Monel or niokel is used as the
mating element. A much tighter seat results than 1a an all-metal valve. All-meial
valves having Monel or aluminum bronze seat-and-disk units have been used also, bui ii
is not safe to assume that the seat will coniinue tight indefinitely for any type of
valves. Landau and Rosen recommend that double valving be installed where tightness is
important, such as points at which fluorine is separated from the atmosphere or from
equipment not handling fluorine. In some cases, the use of an inert gas at elevated
pressure in the space between the two valves is desirable. The beliows-seated valve
made by the Crane Company can be used at pressures below 100 psi in ,sxze- 1 inch and
larger. In March 1947, Landau and Rosen stated that no sausfact.ory packleas valve for
preszures above 100 psi was known. Hoke Momel needle valves, packed with Teflon or the
equivelent, have been successfully used at pressuies up to 400 psi. The Kerotest 440-A
(hlcrine Institute valve, packed with Teflon or the squivalent, has been used success-
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fully or fivorine cvlinders. Nonmetallic seats or disks are unsafe wicth fluorire under
high pressure (Cf. Re{. 37).

Froning et. al (Cf. Ref. 27), in describing their experience with fluorine valves,
state that valves for use under high pressure were cperated by meanz of extension
handies. 3ome of the desirsble valve features were rugged needle-valve form, the use
of dissimi lar metals {for example, mild steel and hardene! st:el) for seat and stem,
turning action for seating, and true alignment of seat and stem. The true alignment
was important, because the Teflo: vtacking employed was not resilient enocugh to allow
self-alignment in the case of a poorly constructed valve. Incorporation of these
features resulted in valves which operated many months without significant leakage.
However, thes: features rule out packless valves also.

The valve packing used by Froning (Cf. Ref. Z7) consisted of machined Teflon
annuli with an annulus of a mixture of Teflon and calcium fluoride {30% calcium
fluoride) on the bottom. This packing gave excellent service for indefinite perinds
except where contaminatod with reactive substances or where leaks occurred, through
locse packing nuts or scored stems, for example. It was shown that a slow leak along
the rings (easily detected by means of potassium iodide —starch paper) caused the
bonnet of a Monel valve to catch fire and to be destroyed. An explanation involiving a
blanketing layer of gaseons reaction products can be given. According to this explana-
tion, the reaction praoducts, of which carbon tetraflueril. i: an example, ueually
have a retarding influence, but they are removed hy the fluorine sweeping over the
surface at a leak. If the conditions are such that reaciion heat can accumulate, the
Teflon and the adjacent metal finally reach their ignition temperatures.

The abrading acticn occurring in the turning of a valve demands that stem and
seat be made of materiuls which show the lcasi scsule formation. These materials are
Monel and nickel. Because of the factor ¢f scalc formation, globe valves and n=edle
valves are better than gate valves, and plug cocks are definitely unsatisfactory.
Teflon packing performs well with fluorine at pressures near 1 atmosphere, where the
relatianships of volume to surface in the packing are such that the heat release under
the conditions of incipient combustion is good. According to Gall and Miller, dia-
phragm, bellows, and other types of packless valves are serviceable if the operating
mechanism in contact with the fluorine is not easily rendered insperative by fluoride
scale (Cf. Ref. 45).

Pressurs relief valves for fluorinc have Leen unsatisfectory because of seat
leakage. 1t is difficult to maintain motor-operated and air-operated valves tight
agairst pure fluorine, because sufficient torque for seating is not available. It has
beer. found best to contrel fluorine under pressure by means of several valves in
series with suitable aiarms and by-passes. For very large pressure differences,
additionsi stages of throttling may be preferable. Two controllers have been success-
fully used in chrottling between 30 psig and a steady level of 1 psig. (Cf. Ref. 37).

J. Instrumentation in Apparatus Handling Fluorine

Blind multipliers or iransmitters of bellows constiruction, either welded or
silver-soldered, and euploying an inert gas as a Luffer, have been used successfully
for flow recorders and controllers and for pressure recorders and controllers. These
are manufactured by the Moore Company, the Taylor Insirument Company, and cthers.
These multipliers or transmitters can be coupled with any of the ugual instruments for
recording, indicating, or controlling. All-welded gages of thie Bourden type are
practical for simple pressure measurement (Cf. Ref. 37). '

Temperutures should be measured with completely enclosed thermowells. Thermo-
couple elemens are undependable when in direct contact with fluorine (Cf. Ref. 37).
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K. Compressioan

Although many metals withscand attack by fluorine at low temperatures, and some
metals withstand attack at fairly high temperatures, their resistance iz due to a
protective layer of fiuoride. The nature of the resistance creates a problem in the
mechaniczl compression of fluorine. If the protective layei is displaced by mechanical
action, for example, by the action of the piston in a reciprocating pump, more
fivoride wiil form, and serious damage will be donc as the process continues. The
preblem of lcbricetion alse is difficult, since fiuorine reacts with carbon or
graphite in finely divided form and with hydrocarbon oils. Fluorocarbon oils resist
fluorine tc a certein extent, but even these react at high pressure and temperature
{Cf. Rei. 28).

According to Landau and Rosen (Cf. BRef. 37), writing prior to March 1947,
experience in the use of mechanical compressors lubricated with fluorocarbom oils for
fluorine has not been sufficient to establish the comme: cial applicability of such
equipment. Leaking past the piston may be serious. Bellows-type pumps have not been
satisfactory, because flexing of a bellows in fluorine under pressure causes inter-
granular corrosion or rupture, with bad leaks. The Wilson Puisafeeder Company and the
Hooker El-ctrochemical Company have built a successful diaphragm-type compressor, 1in
which the stroke is relatively short. Pressures up to 40 psi can be produced by this
compressor. Leakage occurs around the valves (metal-seated), but leakage occurring
here is not highly important, since pumping efficiency is not the principal considera-
tion involved. Centrifugal equipment, sealed at the shaft with rings of such materisls
as graphite or Teflon, has operated on pure fluorine at pressures reer 1 atmosphere.

A standard single-acting, single-stage air compressor lubricated with a fluoro-
carbon o0il has been operated on fluorine at 175 psi for periods of several hours. The
oil blackened quickly and caught fire occasionally (Cf. Ref. 27).

L. Disposal

The matter of fluorine disposal is highly importent in connection with processes
in which fluorine is not completely consumed. Not only may operators suffer irrita-
tions from low concentrations of the gas, but their health may be affected. Vegetation
at relatively great distances may be damaged through transportation of the gas by
winds (Cf. Ref. 37).

Fiuorine can be destroyed by conducting it into a hydreccarbon flame in which
there i3 an excess of fuel. The reaciion products include hydrogen fluoride and
carbon fluorides. The latter are not. ohiectionable, bgr the hydragen fluoride chounld
not be discharged into the atwosphere if moderste or large quantities of fluorine are
destroyed in this way. It can be absorbed in water or alkaline solutions. The meihod
has the disadvantagc that fuel must be consumed over the entiie period of readiness
(Cf. Ref. 37).

The following disposal methods, drawn from the work of Landau and Bosen {Tf.
Ref. 37), have been tried:

1. The fiuurine is passed ovcr zodium chloride or calcium chloride to
produce chlorine, which is absorbed by soda lime, lime slurry, or scme
other suitable agent. .

Solutions containing 5 to 10 weight per cent sodium‘;"nydroxide absorb
fluorine satisfactoriiy provided the time of contact exceeds 1 minute.
Oxygen bifluoride is formed at centact times of upproximately 1 second.
3. A lime slurry can be used tc remove fluwrine, but care musc be taken to

allow sufficient contact tiwme. The destruction of the intermediate
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compound, oxygen bifluoride, occurs more slowly than in the case of
sodium hydioxide; because much higher concentrations are possible with
sodium hydroxide than with lime. Knowledge sufficient to establish a
satisfactory quantitative basis for design had not been accumulated by
March 1947,

4.  Such inorganic {luorides as AgF, SbF3, and GJF2 react with fluorine.
Hydrogen returns the metals from the higher vealence states into which
they were raised by the fluorine to the crigiral valence states, with
the formation of hydrogen fluoride. These reactions can be made the
Lasis of a fluorine disposal method, but it is distinctly unsatis-
factory for smell 1nstallatmns, in rhe case of large installations,

b oA anm s £ Al e Gislia wmed oha iiometal howamd. t
&llc nct.caanu, 101 a Sser ch Gi vycnnu;vna WA LT i erm s ll‘l&ﬂlua o1

handling hydrogen are disadvantages.

Fluorine does not always react rapidly with water, for reasons which are unknown.
Explosions occur in some cases, not in others (Cf. Ref. 37).

Landau and Bosen (Cf. Ref. 53) have designed and tested a system for the indus-
trial disposal of fluorine. The fluorine-containing gas is introduced into a packed
absorption cower and flows countercurrently to a stream of sodium hydrox:ide solution.
The sodium fluoride produced rea..t;s with calcium hydroxide introduced as a slurry
ints tho: effluent 1;\{'\4;& ITGwm the :';G'l"—c'i'- 'rhua the sodium h ll,\ll roxide is LCBCII‘;LGUCU, the
fluorine being removed as calcium fluoride. The reasons for the use of =alcium
hvdroxide are (1) that the sodium fluoride would be an objectionable contaminant
in the effluent water from the sysiem aud (2) that sodium fluoride, having a low
solubility in the hydroxide solution, would plug parts of the system, since the
hydroxide solution is recycled, as explained herein. After the calcium fiuoride has
settled out in a tank, the hydroxide solution is returned to the tower. The t;“upera-
ture of the hydroxide solution entering the tower is kept between 100 and 150°F. The
designers believe that the optimum sodium hydroxide concentration is between 5 and
10 per cent. prake-up sodium hydroxide is added as needed.

A l-menth test of the system was made. Fluorine was introduced into the system at
approximately 60 lb/day. The basic operability of the chemical regeneration process
was proved. Tests of the completeness of -fiuorine absorption showed that the concer.-
tration in the ges discharged did not exceed 3 ppm, even at the fluorine input rate of
500 lb/hr. Operation of the installation was continued for a long period of time
following the l-month test and proceeded smoctkly.

The best fluorine disp..sal method found by Turrbull et al {(Cf. Refs. 14 and 15)
was based upon the reaction of fluorine with hydrocarbons such as propane and butane.
The waste rluorine was conducted to the cone of a flame of the hydrecarbon burning
with a deficiency of air in a convertional ring burner, The products of the r:action

smawmt Flicanidan ool wha - & s % e denm e flanlda ea=L_..
WLIT ANCTY 1aUCTiGCS (\SuUcnh asd carson tetlizia €j, HYyQLOETHI 11UOriGe, Claroon
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when inhibited reactions are employed. A 4-inch ring burner was found to have a
capacity of 4.5 lb/hr of fluorine. For large-scale operat:ions, a system consisting of
a 10-inch ring burner, a waier scrubber tower, and s caustic scrubber tower, each
packed with 2-inch carbon rings to a heignt of 30 feet, was fully satisfactory from
the standpoint of engzneering and operation. This system could dispose ¢f flusrine at
approximmtely 12§ 1k

{
Y.
!

M. Density of the Gas and of the Liquid

The densities of gaseous fluorine and liquid fluorine in equilibrium with each
other at various temperatures (Cf. Ref. 54) are giver in Table XII. Otler data cn the
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density of liquid fluorine (Cf. Ref. 55} are presented in Tebie XIIIL.

TABLE XII
ORTHOBARIC DENSITIES OF FLUORINE
Temperzture Pressure Densi Ly_ (gm/cc)
(%K) (m) Liquid Fluorine Gaseous Fluorine
57.10 - 1.205 --
59,95 - 1.195 --
64,20 28.22 1.181 6.27 x 1073
72.11 129.90 1.155 1.10 = 1073
76. 30 247.50 1.140 , 2.02 x 1073
84.91 733.50 | 1.112 | 5.76 x 107%
TABLE XIII

DENSITY OF LIQUID FLUORINE

Teaperature ! Dencity
(°K) {gm/cc)
57.40 1.204
60.51 1.195
64.41 1.185
68.38 1.154
73.00 1.141
75.01 1.136
79.40 1.124
83.21 1.113

N. Viscosity of Gaseous Fluorine

The viscosity of gaseous fluorine under various conditions is given (CI. Ref.

56) in Table XIV.

TABLE XIV
VISCOSITY OF GASEOUS FLUORINE
Temperature | Pressure [ Visrosity
(°K) (mm) ! (pcises)
86.8 758 % 555 x 1077
118.9 758 l 875 x 1077
148.8 758 | 1080 x 1077
167.9 765 | bl xo1e
192. 3 765 1379 x 1077 {
213.1 765 | 12 x0T
229.6 763 | 1611 x 1077
248.9 763 | 1727 x 1077
273.2 763 | 2093 x 1077

fav]
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O. Surface Tcnsion

The surface tension of fluorine is presented (Cf. Ref. 54) for a range of
temperatures :n Table XV. The inside radius of the capiilary tube corresponding to the

TABLE XV

SURFACE TENSION OF FLUORINE

T
Temperature Pressure ! Capillary 1 Surface
(o) (tmm ) Height Tension

i {cm) { dynes/cm)

51.10 -~ 3.068 14.61
59.95 -- 3.002 14.16
61.41 -- -— 13.8
64.20 28.22 2. 884 13.45
65.30 -- - 13.17
71.00 -- -- 12.20
72.11 129.90 2.654 12.10
76. 30 247.50 2.536 11,40
81.50 -- == 10.41
84.91 733.50 2. 254 9.85

capillary height values given was 0.00805 cm. The assunption was made that the angle

of contaci was O.

P. Dielectric Constant of Liquid Fluorine

The dielectric constant data presented in Table XVI is derived from the work of

Kanda {Cf. Ref. 55).

TABLE XVI
DIELECTRIC CONSTANT OF LIGQUID FLUORINE

Temperature

(°K)

Dieleciric Constant

57.40
60.51
64.41
68.38

72 M

[RVER A

75.01
19.40
83.21

Q. Vapor Pressure

o ey

Vapor pressure data for fluorine are given by several scientists. Cady and
Hildebrand (Cf. Ref. 57) report the values which are given in Table XVII. The values
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in the third column were obtained

loggn =

in which p is the vapor pressure
on the Kelvin scale.

from the equation

7.3317 - X06.8 _ 0007785 T

T

in centimeters of mercury and T is the temrerature

TABLE XViII

LA X2 T IV IR

Teoperature Vapor Pressure (cm)
(%K) Observed Calculated
72.53 14.54 14.41
72.53 14.57 14.41
75.18 21.53 21.65
75.18 21.54 21,68
75.18 21.53 21.65
75.18 21.50 21.65
75.45 22.25 22.50
75.53 22.53 22.178
75.59 22.69 22.39
75.88 23.83 23.99
75.93 24.01 24.16
76.70 27.10 26.97
76.72 27.20 27.03
16.72 26.90 27.03
76.74 217.09 27.11
78.96 3.68 36.76
79.01 36.78 36.99
79.02 35.87 37.01
79.18 37.88 37.80
79.18 37.87 37.80
80.09 43.00 42.58
80.09 43.00 492 .58
80.96 48.03 47.48
80.98 48.23 47.59
81.19 49,32 48.85
£1.20 49.34 48.92
81.22 49.53 49.04
83.09 61.53 61.55
83.11 61. 57 61.67
83. 45 64.24 64.20
83. 48 64.48 64.38
84.13 68.64 69.35 |
84.65 73.40 73.50
84.68 74.18 73.78
84.68 73.93 73.78
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TABLF XVII (Cont'd)

Temperature Vapor Pressure (cm)

(°K) (hserved Calculated
Ba.7z 74.02 74.19
84.77 73.84 74.55
84. 81 74.14 74. 85
85.25 78.55 78.62
85.27 79.40 78.385
85.28 78,02 78.95
85.22 79.36 79.35
85.40 .77 79. 87
85.81 84.11 83.56
85.99 85.50 85.20

Claussen (Cf. Ref. 58) obtained for liquid fluorine the equation

in which p is the vapor pressure in centimeters of mercury and T is the temperature
on the Kelvin scale. No experimental point deviatcd by more than C.15° from the curve.

The fluorine vapor pressure values given in Table XV1II were obtained by Kelley
(Cf. pp. 46 and 111 of Ref. 59) from smoothed curves derived from a free energy of

Logygp =

vaporization expression stated.

VAPOR PRESSURE Or LIQUID FLUORINE

- 462.%6 , g 7909 - 0.01656 T

T

TABLE XVIII

Tempera ture Vapor Pressure
(°K) (atm)
57.65 0.01
§8.7 G.1
74.38 0.25
79.21 ¢.5
84.53 i.0

Tables XIX and XX contain the data of Acyama and Kanda {Tf. Ref. 60). The
equation used in determining the calculated vapor pressures in Table XIX was

in which p is the vapor pressure in millimeters of mercury and T is the tempereture
on the Kelvin scale. The folilowing equation represents the data given in Table XX:

loggp =

- 442.2 , g 1975 - 0,013150 T

7!

?.
."
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loggp - -

430.06
1‘

+

8.233

In this equation, p is the vapor pressure in millimeters of mercury, and T is
temperature on the Kelvin scale.

VAPOR PRESSURE OF LIQUID FLUORINE

Temperature Vapor Pressure (mm) Calculated Vapor
(K} Observed Calculated st ey nus
Observed Vapor

59.90 i0.10 10. 445

63.61 26.30 25.20

65.00 35.50 34.02 -1.50

66. 70 65.20 T0. T8 +5.6

69.99 92.05 89.56 2.4

72.85 143.35 145.34 +2.0

75.01 209.10 203.70 -5.4

77.52 289.50 292.81 +3.3

79.35 381.50 375.66 -5.8
79.98 402.35 407.85 -4,5

83.43 608.10 622.30 +14.2

84. 52 712.75 704. 8 +7.9

85.00 740. 10 743.70 +3.6.

ge.21 845.2 848. 20 +3.0

TABLE XX

VAPOR PRESSURE OF SOLID FLUORINE

Terperature Vapor Pressure
(%K) (ren)
51.85 0.10
32.55 1.9
53.9C 1.75
54. 50 2.19
55.15 2.70

Melting Point and Boiling Point

The melting point of fluorine is §5.20%K (Cf. Ref. 61).
Cady and Hildebrand (Cf. Ref. 57), by calculating fram vheir vapor pressure equa-
tion, found the normal boiling point of fluorine to be 84.93°%K. They stated thet thia
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value was probably within 0.1° of the true value. This procedure gave Cleussen (Cf.
Ref. 58) the value 85.21°%K, in which the error was believed not to exceed 0.1°.
Kelley (Cf. pp. 46 and 111 of Ref. 59) took 84.9°K as the normal boiling point. The
equation of Aoyama and Kanda (Cf. Ref. 60) gave 85.19°K. Rossini ard his associates
(Cf. Tebles 9 and 10 of Ref. €2) tock 85.24°%K as the value.

S. Heat of Vaporization, of Sublimation, and of Fusicn

By making use of Berthelot’s ejuation of state and the Clapeyron equation, Cady
and Hildebrand (Cf. Ref. 57) calculated the heat of vaporization of fluorine at the
normal boiling point from their vapor-pressure data. The value obtained was 1540
cal/mocl. Without the use of Berihelot’s equation, the result was 1607 cal/mol.

Claussen (Cf. Ref. 58) derived 150 cal/mcl from his vapor-pressure data. Kelley
(Cf. pp. 46 and 111 of Ref. 59) took 1640 cal/mol as the value.

Aoyama and KRanda (Ci. Ref. 60), using their equation for the vapor pressure of
solid fluorine, calculated the heat of sublimation. The value was 1970 cal/mol. Using
their vapor-pressure data for liquid fluorine, they obtained 158] cal/mol for the heat
of vaporization. The subtraction of the latter value from the former gave approxi-
mately 390 cal/mol as the heat of fusion.

Kanda (Ct. Ref. 61) determined the heat af fucion calorimetrically. The reenlt
was 272 cal/mol (at 55.20°K). This value nas been accepted by Rossini et al (Cf.
Tables & and 10 of Ref. 62), who give 1.86 cal/deg mol as the increase in the heat
capacity at constant pressure accompanying fusion. Rossini et al take 1510 cal/mol for
the heat of vaporization of fluorine at 85.24°K (their value for the normal boiling
point} and give 4.27 cal/deg mol as the decrease in the heat capacity at constant
pressure accompanying vaporization.

T. Critical Temperaiure and Critical Pressure

Cady and Hildebrand (Cf. Ref. 57) found the critical temperature of fluorine to
be approximately 144°K. They estimate the critical pressure to be 55 atmospheres.

U. Heat Capacity of the Solid, the Liquid, and the Gas

Kanda (Cf. Ref. 6i) determined the heat capacity at constant pressure of solid
fluorine ard of liquid fluorine at a number of temperatures. His values are given
in Table XXI,

Rossini and his collaborators (Cf. Tuble 9-1 of Ref. 63) give 7.52 cal/deg mel
for the heat capavily al cvonstani piessure of F, in ihe state of = peifeci gas at
298.16%K. The heat-capacity values of Murphy and Vance (Cf. Ref. 64) ere contained in
Table XXII. The results were obtained by the application of the methods of statistical
mechanics.

Calculations similar to those made by Murphy end Vance but with the introduction
of zertain refincacuis were carried out Ly Cole und Farber.* Their resulis are givei

in Tabie XXIII.

V. Various Thermodynamic Propirties
Cole and Farber have calculated the enthalpy difference correspohding to selected
temperature intervals scarting at 298.1°K for F, behaving es a perfect gas.® Their

*Unpulbliahed data obtainzd by Leland G. Cole and Milton Farber of thizLaboratory.

bPege 3
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results are given in Table XXIV.

HEAT CAPACITY AT CONSTANT PRESSURE OF GASEOUS FLUORINE

Page 32

HEAT CAPACITY AT CONSTANT PRESSURE OF SOLID FLUORINE

TABLE XXI

AND OF LIGUID FLUORINE

Temperature Heat Capacity at
(°K) Constant Pressure
(cal/deg mol)
14.91 1.167
17,75 1.807
20.01 2.240
23.10 2.841
25.42 2,440
29,50 4.310
.00 4.5
35.40 5.561
39.11 €.289
43.10 7.120
41.95 7. 741
52.98 8.210
53.98 8.761
55.20 melting point
57.50 10.84
62.51 10.92
A7.49 10.98
71.10 11,12
83.41 11.20
85.19 boiling point

TABLE XXII

Tenperature Heat Capacity at Constant Pressure of
(°K) T, in the State of a Perfect Gas
- {cal/deg mol)
298.1 7.522
300 7.530
400 7.912
500 8.186
500 8.373
800 8.594
1000 8.7.0
120¢ 8. 717 i
1400 8. 819 4
1600 8. 847
1800 8.866
2000 8.880
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TABLE XXIII
HEAT CAPACITY AT CCNSTANT PRESSURE OF GASEOQUS FLUOBINE
Temperature Heat Capacity =t (onstant Tesgerature | Heat Capacity at Constant
(°K) Pressure of F, in the %K) ‘ Pressure of F, in the
State of a Perfect Gan State of a Perfcct Gas
(cal/deg mol) (cal/deg mol)
298.1 7. 45 2300 9.192
300 . 457 2400 .208
400 7.835 2500 9.214
500 8.120 2600 9.229
600 8. 341 2700 9.245
700 8.514 2800 9.262
800 8.648 2900 9.27%
900 8.1737 3000 9.297
1000 8.815 3100 9.314
1100 8.871 3200 9,328
1200 8.014 3300 9.344
1300 8.954 3400 9, 359
1400 8.986 3500 9.374
1500 9.016 3690 9,388
1600 9.042 3700 9. 403
1700 9.065 3800 9.418
1800 9.0% 3900 9.433
1500 $.115 4000 9. 47
2000 9.141 4100 Q. 461
2100 9.160 5000 9.591
2200 9.177 6000 9.733
TABLE XX1V
ENTHALPY VALUES FOR GASEOUS FLUORINE
Temperature Enchalpy at Designated Temperature Enthalpy at Designated
(“K) Tempersture Yiius (°K) Tamperature Minus
Enthelpy at 298.1 Enthalpy at 298.1°%
{kcal/mol) (kcal/mol)
298.1 0 3100 25. 0G0
nn 0.014 2on 25.932
400 0.779 3300 26.865
500 1.576 3400 27.800
600 2. %9 3500 28.737
700 3.242 3500 1 29.675
800 4.100 3700 ¥ 30.614
900 4.970 3800 31.556
1000 5.847 3900 32.498
1100 6.732 4000 33. 442
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TABLE XXIV {Cont’'d)
Temperature Enthalpy at Designated Temperature Enthalpy at Designated
(°K) - Temperature Minus (°K) Temperature Minus
Enthalpy at 298.1°% Enthalpy at 268.1°K
{kcal/imol) (kcal/mol)

1200 7.621 4100 34.388
1300 8.514 4200 35.344
1400 9.411 4300 36.304
1506 1n. 311 4400 37.264
1600 11.214 4500 38.224
1700 . 12,120 4600 . 39,184
1800 13.028 4700 40.144
500 13.538 4800 41.104
2009 14,851 4900 42.064
2100 15. 766 £000 43.024
2200 16.683 5100 43.984
2300 - 17592 8200 . 44.94
2400 18.521 5300 45.904
2500 19. 442 5400 _ 46.864
2600 20.364 5500 47. 824
2700 21.288 5600 48.784
2800 22.213 5760 49,744
2900 23.140 S800 - 50.704
3000 24. 659

Table XXV is a summary ofin entropy values from a number of sources. Table XXVI
is derived from the work of Murphy and Vance (Cf. Ref. 64), and Table XXVII, from
unpublished work by Cole and Farber of this Laboratory.

TABLE XXV

ENTROPY VALUES FOR GASEGUS FLUORINE

Seientist and Year

State Entropy
(cal/deg mol)

Peal gas at 85,19°K

and 1 atm 37.14
Perfect gas at 85.19°K

and 1 atm . 37.29
Perfect gas at 298.1°K

“and 1 atm 47.9910.1
Perfect gas at 298°K '

and 1 atm 48.6
Perfect gas at 298.16°K

and 1 atm 48.6

Kanda (Cf. Ref. 61), 1957

Kanda (Ci. nei. i), 1937

Kelley (Cf. p. 13 of Ref. 65),
1936

Garner and Yost (Cf. Ref. 66),
1937 ¥

Rossini et al {Ci. Table 9-1 of
Ref, 63), 1947
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TABLE XXVI

STANDARD ENTRCPY OF FLUORINE

Temperature Standard Eniropy
(°K} (cal/deg mol)
268.1 48.576
30 H 48.623
400 ‘ 50. 844
500 52.642
600 54.151
800 56.594
1000 58. 580
1200 60.119
1460 61.476
1600 62. 659
1860 63.694
2000 64.637

In 1941, Keliey (Ci. p. 4l of Het. 67) contirmed the value given by Murphy and
Vance for the standard molal entropy of F, at 298.1°%K,48. 5810.1 cal/deg.

TABLE XXVII
STANDARD ENTROPY OF FLJUORINE

E lemperature Standard  Entropy Temperature Standard Entropy
; oK (c2l/deg mol) (°K) (cal/deg mol)
‘ 298, 1 48.60 2400 66.33
300 48.65 2500 66.71
400 50.79 2600 67.07
500 52.56 2700 67,49
600 NS ! 2800 §1.7
700 55.36 | 2900 68.09
800 56.50 3000 58.41
200 57.52 3100 65.72
1000 58. 4 3200 69.@
1100 59.28 ‘ 3300 69.31
1200 60.05 ! 3400 69.99
1300 60.76 3500 69.86
1400 61.42 3600 70.12
: 1300 2. 04 3700 74, 38
1600 62.62 3800 70.63
1700 63.17 3900 70.88
1800 63.69 4000 712
19090 64.18 4100 (71,35
. 2000 64.65 4500 ©72.25
i 2100 65.10 5000 73.26
., 2200 65.53 58500 74.18
! 2300 6594 6000 75. Ul
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B e Y
1€ Conscane O

is given in Tabie XXVIII* for temperatures ranging from 300 to 6000°K.

% F, = F

TABLE XXVIII

DISSOCIATION EQUILIBRIUM OF F,

Termerature K = p'-,./pl’é?
(%) (atnt?)
300 6.3 x 10721
500 1.3 x 10-11
1000 1.52 x 1074
1500 3.62 x 1072
1600 7.18 x 1072
1700 1.32 x 1071
1800 2,25 x 1071
1900 3.68 x 1071
2000 5.70 x 10~1
2100 8.47 x 1071
2200 i.215
2306 1.691
2400 2.286
2500 3.021
2600 3.906
2700 4,961
2800 6.184
2900 7.594
3000 9,209
3100 1.10 x 10
2900 1.31 x 10
3300 1.53 x 10
3400 1.78 x 10
3500 2.05 x 10
3600 2.34x 10
3700 2.66 x 10
3800 3.01 x 10
2900 3.39 x 10
4000 3.78 x 10
4100 4.20 x 10
4500 6.10 x 10
5000 8.94x 10
5500 1.22 x 102
6000 1.60 x 102

“Unpublished data obtsined by Cole and Farber of thisz Laboratory.
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For the standard free energy of vaporization of Fo at temneratures nesr the
normal boiling point, Kelley (Cf. pp. 46 and 111 of Ref. 59) gives AF° <1640 - 15.31 T
where T is the temperature on the Kelvin scale and the units of F are cal/mol.

Kelley (Cf. p. 41 cf Ref. 67) gives 37.93t0.01 cal/deg for the standard molal
entropy of monatomic fluorine at 298.1°K.

The thermodynamic data on monatomic flucrine presented in Table XXIX is given by
Rossini and his collaborators (Cf. Table 9-1 of Ref. 63).

TABLE XXiX
THERMCDYNAMIC DATA ON MONATOMIC FLUORINE
. State Standard Standard Standard Standard l.ngl {Equi-
Descriptivn | Condition [Heat Gapacity [Enthalpy of | FEntropy |Free Erergy ium
at Constant | Formatim {(cal/deg mol) of szsmm. of
Pressure | (kcal/mol} Formation | Formation )
(cal/deg mol) (keal/mol) [(pressures in
atm)
252 5 (2!11,353 at 0K 31.8
N
gas at
298. 16K 5.436 .25 31917 28.19 -20.663
(2pg /) gas at 0°%K 2.9%
gas at
298.16°K 3.4

Tabie XX 5;“:5 additional uhermody"ianﬂc data o won
published work of Cole and Farber of this Lahoratory. The gas was iak

of course.

TABLE XXX

P S oL

QA LW &

THERMOLYNAMIC DATA ON MONATOMIC FLUORINE

morme from the un-
ken as perfect,

Temperature Heat Capacity Fnthalpy at Designated Standard Entropy
(%K) at Constant Texperature Minus (cal/deg mol)
Prescure ?:a'r.ha'tpy at 2Q8 1K
(cal/deg mol) {kcal/mol)
298. 1 5.440 0 37.93
300 5.433 0.010 37.96
400 5.359 0.550 3.3
500 5.280 1.082 .(-40.47
-600 .216 1.607 141. 37
700 5.167 i26 42.14
800 5.130 2.641 42,84
900 5.104 3.1 43. 36
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TABLE XXX (Cont’d)

1
femperature Heat Capacity ! Euthalpy at Designated Standacd Entropy
{°K) at Constant Temperature Minus (cal/deg mol)
Pressure Futhelpy at 298.1°K
(cal/deg mol) (kcal/mol)
1000 5.080 3.661 43.91
1100 5.063 4.168 44.38
1200 5.049 4.674 4.81
1300 5.038 5.178 45.21
1400 5.029 S 60 45.58
1500 5.022 6.184 45.92
1600 5.015 6.686 46.24
1700 5.010 7.188 45 54
1800 5.006 7.689 46. 62
1900 5.002 8.189 47.10
2000 4.998 8. 689 47.35
2100 4.995 9,189 A7.50
| 2900 AECO3 a_688 47.82
2300 4.991 10.187 48.04
2400 4.989 i0. 686 48.25
! 2500 4.987 11.185 48. 46
_ 2600 4.985 11.684 48. 65
' 270 4.984 i2.182 48. 84
2800 4.983 12.681 £8.02
2900 4.982 13.179 49.19
3000 4.981 13.877 49.36
| 100 4.980 14.175 49.52
! - 3200 4.279 14.673 49.68
3300 4,978 15.171 49.84
3400 4.977 15.609 .98
3500 4.977 16.167 30.13
KGO 4.976 16.664 50.27
3700 4.975 17.162 50.39
3800 4.974 17.659 50. 53
3900 4.974 18.157 50.67
4000 4.974 18.654 50.
4100 4,973 19.152 50.92
420 19.£49
E 4200 20.147
4400 0 hdd
4500 4972 21.141 51.38
4600 21.638
4700 22.135
4800 22.632
4900 23.129 ('I;,-
5000 4.971 23.626 51.90
5100 24.123
5200 24.620
Page 38
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TABLE XXX (Cont'd)

Temperature Beat Capacity Fnthalpy at Designated Standard Entropy
(%K) at Constant Tenperature Minus (cal/deg mol)
Pressure Enthalpy at 298.1°K
(cal/deg mot) (kcal/mol)

5300 25.117

5400 25.614

5500 4.970 26.111 52.38
5600 26.608

5700 27.105

5800 27.602

6600 4.969 52.81

W. Dissociation Energy

Gaydon (Cf. np. 188 and 189 of Ref. 68) discusses the dissociation energy of
fluorine. In commenting upon the values listed in Tahle: XXXI, he states that the value

TABLE XXXI

DISSOCIATION ENERGY OF riL.UORINE

Value for Disscciation Scientizt and Year
Energy of F.
(kcai/mol)
63.3 Wartenberg, Sprenger, and
Taylor, 1931
76 Desai, 193
70 Bodensteir, Jockusch,
and Shing Hou Chong, 1937
63.3 Herzberg, 19%

given by Desai, 76 kcal/cl, can be disregarded, since it is based upon discreaited
thes uivicwsie ! data. Also, Gaydon points out evidence which favors a value con-
siderably lower than 63 kcal/moi. He favors a vaiue of about 51 kcal/mol.

Schmitz ard Schumacher (Cf. Ref. €9) found the dissociation energy of CIF to be
either 60.3t0.5 or 58.910.5 kcal/mol, the value depending upon the interpretatica of
the spectrum. The former value agrees with that cbtained by Wahrhaftig {Cf. Ref. 70).
By combining these values sith their value for the heat of formatiion of CIF (Cf.
Section IV-H) and the value for the dissociation energy of Clz, Schmit’> end Schiumacier
obtained the alternative values 33.4 and 30.6 kcal/mo! for the dissociaticn erergy
of F,.

2
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X. Safety Precautions

Fluorine in the atmosphere can be detected by means oi its odor in concentrations
of a few parts per million (Cf. Ref. 37), as low as 5 to 6 ppm (Cf. Ref. 49).No
tolerance levcl had been established for fluorine by March 1947, although extensive
experime:tol work had been done (Cf. Ref. 37).

The following safety measuares given by Landau and Rosex {Cf. Ref. 37) are

recommended:

1.

2.

N
LU

11.

12.
13.

14.

15.

Valves handling pure fluorine at pressures above 5 psig should he
onerated by means of extension handles passing through barriers ot
metal, brick, or concrete.

Containers holding fluorine under pressure should be stored behind a
suitablc berricade and should not be approached by operators uniess
the centainers are completely clesed and known to he nat leaking.
Leaking containers should be allowed to vent in an open field.

Systems containing fluorine undeir pressures should be inaspected for
leaks, and leaky equipment should be repaired immediately. Lesks can be
detected by directing aqueous ammonia from a wash bottle at suspected
points or by using filter paper moistened with potassium iodide
solution. In the case of amwonia, the formstion of a fog indicates a
leak. The potassium iodide paper will detect fluworim: in concentrations
as low as 25 ppm.

¥When fluorine is introduced into untestsd equipment, the gas should be
diluted, and the process should be carried out slowly, in order that
any impurities present may be burned out without igniting of the
containers.

All equipment which has held fluorine must be thoroughly flushed with
inert gas prior to opening and, if possible, should also be evacuated.
The use of fine adjustment valves to throttle the gas frem a high-
pressure cylinder in stages is preferabie to depending upon ihe
cylinder valve for throttling.

Foreign matter, particularly grease, should be completely removed from
all containers before use.

Containers for fluorine under pressure should be == smell as posaikle,
In the laboratory, where cylinders are handled directly, the total
weight of pure fluorine av 50 psig should not be greater than 1 powmd,
The amount of flux which is permitted to remain in a vessel when
weiding or scldering 1s carried ot shouid be reduced iv ithe sizimim.
All equipmen. handling fluorine should be designated by means ofcolora.
Goggles of Lucite, Plexiglas, or Lumarith should be used whenever
operators musi appruuch spparatius containing purs fluorine wndar
pressure.

Structures in which fluorine is to be handled should be fireproof.

A vessel containing fluorine should not be heated.

It is desirable that two persons be present in all cperations invoiving
fluorine, Lut they should be at soms distance from each other, in order
that one can assict the other in an emergency.

Only trained and competent perscnnsl should be all?wed to handle
fluorine, and frequent examuuaiiwis of each operstion should be mada.
All personnel connected with an operation should be familiar with the
dangers involved and with the safety precautions.
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i6. Ventilation is importani. The capacity of the vencilating system should
b: at Jeast great enough to produce ten changes of air per hour in
enclused spaces.

17. It 1is desirable that critical valves be locked ip sither the open or
closed position. They should be tagged.

18. A suitable alarm system should be installed, and should be testedat
regular intervels.

The following safety rule was prescribed for general application to both fillers
and users of cylinders: No equipment containing fluorine under pressure may be
approached unless it is shielded Ly an adequate protective barricade, with the
exception of a closed cylinder or storage tank of a tested and approved type (Cf.
Ref. 27).

Diluted fluorine has properties considerably different from those of pure
fluorine, and the precauticns required in the case of a gas mixture containing 20 per
cent fluorine and 80 per cent nitrogen are not as rigid as the precautions required in
the case of pure flvorine (Cf. Bef. 37).

Y. Treatment of B:rns Due to Fluorine

Landau and Rosen (Cf. Ref. 37) discuss the treatment of burns due to contact with
fluorine. According to their discussion, the skin should be flooded with tepid tap
water, In cases of extensive exposure, an emergency shower fitted with a quick-acting
valve 1s advantageous. The washing should go an for 15 minutes or more and should not
be discontinued even while contaiinaicd garmencts are being remcv=.. Ii che burn ix
considered slight by a physician, it can then be covered with a water-base paste
containing magnesium hydrexide.

If there is a pussibility, even though small, that the burn will Jcvelop beyond
the erythema stage, the tissue beneath and around the affected region should be
ireated by injections of 10 per cent calcium gluconate solution. This solution causes
precipitation of the fluoride as calcium fluoride, which is inert. The injection of
calcium gluconate is not particularly painful, but it may be advisable to inject
procaine first. The calcium gluconate treatment produces immediate cessation of pain
and favorable pathological changes.

Fluorine burns of the eye require copicus and prolonged washing with tepid tap
water, as by the use of 2n upturned faucet or a basin of water. Such washing should be
followed by irrigation with 3 per cent boric acid solution. Further treatment shouid
take place at the directios: of an cphthalmologist. It consists of the use of pantocuine
1o relieve pain, mydriatice, and the removal of any necrotic tissues in ithe coiuea.
Ointments should not be appiied to either the skin or the ey= under any circumstancas.

The inhalation cf fluorine ai a high concentrativic would probably produce
asphyxia through laryngeal and bronchiolar spasm and later through bronchislar
obstruction and pulmonary edema. The bronchiolar ckerriction would result from swelling
of mmcous membrane and the secretion of tenacious mucus. Gastrointestinal symptome =nd
irritation of the eyes, throat, and skin would be present also, but would be of minor
importance in cumparison with the lung damage; the survival of the patient would be
subject to the extent of oxygenation of the biood. The treatment of a patient suffer-
ing from lung damage would probably affect the final outcome but I}ttle.

}
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ITX. OXYGEN BIiri.UORIDE

A. Notes on Handling Oxygen Bifluoride

in tke pure form, oxygen bifluoride as a gas is colorless (Cf. pp. 109-111 of
Ref. 71). Koblitz and Schumacher (Cf. Ref. 72) prepared tire compound by condensing
with liquid air the crude oxygen biflueride {nrmed by the action of fluorine upon
dilute sodium hydroxide sciution (principally a mixture of oxygen bifluoride and
oxygen) and raising the concentration of the oxygen bifluoride in the liquid by
pumping off{ the vapor, which is richer in oxygen than the liquid, through a water
aspirator.

To pump gaseous OF, from their reaction vessel, Koblitz and Schumecher admitted
air and pumped out wlt.h a water aspirator, carrying out the process three times, and
finally connected a mercury diffusion pump. Such a laborious method is necessary,
because OF, attacks mercury.

To pump off gaseous OF Buff and Menzel (Cf. Ref. 3) used a system in which
water jet pumps were r'omblned with active carbon in liquid air, since mercury vapor
jet pumps become fouled in a short time. They had to take care that the gas residue
remaining after the preliminary pumping with the water jet pump (about 20 mm pressure)
was adsorbcd slowly by the carbon. When the adsorption was too rapid. violent ex-
plosions occurred.

B. Analysis

Oxygen bifluoride gas can be analyzed by allowing a known volume of the gas at a
known pressure and tempcrature to react with a soluticn of potassium iodide in
hydrochloric acid and titrating the iodine liberated with sodium thiosul fate soiution.
The equation (Cf. Ref. 72) is

0F2 + 4HI - 21, + 2BF + HoO
C. Solubility in Water

The solubility of cxygen bifluoride in water is 6.8 cc (gas) per 100 cc of water
at 0°C and 1 atmosphere {Cf. Ref. 2 and pp. 109-1il of Ref. 71).

Ishikawa, Murooka, and Hagisawa (Cf. BRefs. 73 and 74) g;ave the ecuation

G = 0.04257 Cg

for the solubility of oxygen bifluoride in water at Z0°C. ; represents the volume of
oxygen bifiuoride, measured ai. 3°C amd 760 um, in 100 cc of soluticn. £ reprr-ontic
the volume percentage of oxygen bifluoride in the gaseous phase. Presumably, the
equation refers to a pressure of 1 atmosphere.

D. Behavior with Yarious Snbstances

The characteristics of the reactions of oxygen bifluoride Wlt;‘l various substances
are sumarized in Table XXXII (Cf. Ref. 3). i

Koblitz and Schumacher (Cf. Ref. 72) attempted to use reaction vessels of copper
and silver in stwdying the thermal decomposition of OF, at temperatures around 250°C.
They state that aithough both metals are well suited for experiments with fluorine at
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room teaperatures, these metals werc unsatisfactory for the study of the thermal
decomposition of OF, at 250°C. At room tenperaturcs, the fluoride coat which forms
protects the metal underneath it from attack, but at 250°C, fluorine i: =rill absorbed
after z matter of dayx. Magnesium, however, was found savisfactory.

TABLE XXXII

REACTIONS OF OXYGEN BIFLUORIDE ¥ITH VARIOUS SUBSTANCES

Substance Conditions Pesults
Potassium 430°C beilliant light; complete
Sodium absorption of the Ol"’2
Lithiam
Magnesium strong hesting brilliant light
Calcium
Strontium
Barium
Aluyminum dust form; 400°C brilliant light
Manganese powder form; 500°C formation of fluoride with

glowing
Zinc powder form; heating glowing and flashing
Cadmium
Chromium powder form; heating flashing of individual

particles; yellow subli-

mate
Flowers of sulfur 150°C detonation; formation of
SF, and SO,
Boron fine powder form; weak flasking in parts
Silicon heating .
heating to dull red frequent explosiuns
Charcoal small heat development
(heat of adsorption}
weak heating explosion
Iron heating foraatiorn of fluorides
Cobalt with glowing
Nickel
Tin below melting point formation of fluorides
Lead
4
Molybdenum powder form; lLeating glowing Jf entire mass;

Sormation of Md0, and
molybdenun exy fluorides
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TABLE XXXII (Cent’d)

Substance Conditions Besults
Twgsien powder form; 400°C explosive reaction; color-
less condensate (WF5)3
blue coating
Antimony powder form; heating small bluish flames; forza-
Arsenic tion of Sbfg end AsF,,
respectively
Bi smath coating of BiF,
Copper heating red-brown coating; later,
Liack-brown coating
Iodine vapor; slight heating explosicn
Silver black coating
Mercury e _ coating with brown film
boiling at first, yellow Hg F.
. N ‘
Palladium fine powder form; rela- glowing; formation of
Platinum tively low temperature traces of Pd¥,, PtF,,
e 3 4
Iridium IrF,, or OsF
] 6 6
Osmium
Ruthepinm
Fhodium
Bromine vapor; slignt heating expiosion
Chlorine heating weak explosion
mixture flowing into wide explosions, scmetimes
copper tube heated to violent; incomplete re-
300°C acticn; production of
ar
Goid brown coating

Calcium oxide

ordinary tempsratures

no reactian

heating to ih.ai.leseence

formation of CaF, and 02

Quartsz pointad ohisct; hezting herning with brilizant
light
Glass 11 red heat formtion of SiF,
Ssdium chloride heating formetion of NeX and Ui,
Sodium carbonate heating fermation of NaF, CO,,
and 02’?.-
Sodium nitrice heating formatimm of NaF and gase-

ous nitrogen compounds
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TABLE XXXII (Cont’'d)

Substance

(onditions

Results

Potassivm nitrate heating formation of KF and gaseous
nitrogen compounds

Phosphorus pentoxide heating explosion

Arsenic trioxide

Aluninum chloride

Chromc anhydride

Tungsten trioxide heating formetion of blue
oxyfluoride

Litharge heating formation of PbF, and Pi0,

Mercuric chloride heating forastion of brown

oxyf luoride

Sulfur dioxide

equal volumes of 802 and
OF,; total pressure
between % and 1 atm

gressure decrease of 15 mm
in 3 periocd of several
hours; small white coat-
ing of (30,),

Hydrogen suliide

contact of gases

violent explosion

Ammonia

mixing of gases

slow decrease of total pres-
sure; formation of a fog,

also a white coating of
NH, F

equal volumes ¢f NO arnd
OF,‘.; total pressure
between ¥ and 1 atm

slow appearance of brown
color; etching of walls

of glass bulb (ND,F, NO¥)

spack in mixture

explesion

Methane

equel volumes; totai
pressure betwcen % and 1
atz.; ordinary tenpera-
tires

no reaction

spark in mixture

violent explosion

Carbon manoxide

equal volumes; total pies-
sure between % und i
atm; ordinary tempera-
tures

no reaction

spark in mixture

violent explosion

Aqueous solution of silver
nitrate

dark gray precipitate of
Ag0,

Aquecus solution of
menganous zul fzie

precipi éate of MnDyaq

Colaulious hydruxide

suspension in water

slow oxidation to peroxade
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TABLE XXXII (Cont’d)

Substance Conditions Kesults
Mickelous hydroxide suspensios 1n water siow nxidation to peroxide
Chromic ion alkalize solution; heating | slcw conversion to chromate
Aqueous solution of concentrated sclution opalescence followed by
potassium thiocyanate turbidity and separation

of brick-red substance;
giving off of SO, and
CoNo; large heat

evo.iution
Agueous solntion of hydro- formtion of colloidal
gen sulfide su]lfur

Oxygen bifluoride does mot attack dry glass or quartz at ordinary temperatuscs,
bui it dves attack mercucy. A mercury mincmeter used with axygen hifluoride soon
becomes so fouled that the meniscus carmot be seen.- The gas attacks stopcock greuse
slowly (Cf. pp. 109-111 of Ref. 71).

At room temgeratures, there is practically no attack of oxygen bifluoride upon
glass. At temperatures above 250°C, oxygen bifluoride decomposes into its elements,
and fluorine attacks "hard* glass with the formation of silicon tetrafluoride, oxygen,
and fluosilicates at these temperatures. Also fluorine attacks vitreous silica with
the formation of silicon tetrafluoride and oxygen at these temperatures {Cf. Ref.
12).

Oxvgen bifluoride can be storcd over wztasr ifor days without the occurrence of
appreciable reaction (Cf. Ref. 75), since it reacts only very slowly with cold water
(Cf. Ref. 3). However, Ruff snd Menzel found that a quantity of oxygen bifiuoride
which had been placed in a gasometer with water as the sealing liquid had reacted
completely within 4 weeks.

Ishikawa and Sato (Cf. Refs. 76 and 77) investigated the stability of oxygen
biflusride and mixtures of oxygen bifluoride and water vaper. They found that at 20°C
the decrease in the amount of oxygen bifluoride did not exceed a few per cent oi the
total amount present in 150 days. '

A spark causes a mixiure of oxygen biflucride and water va
Ref. 3).

Oxygen bifluoride reacts rapidly with sodium hydroxide solutions, even when the
latter are very diiute (Ci. Reis. 73 and 74). Also, oxygen biflucride re er
rapidly with stannous chloride soiutions {Cf. Refs. 78 and 79).

Dry hydrogen does rot react with dry oxygen biflucride at ordinary temperatures.
Hcwever, a spark causes a mixivre of the two gases to explode violently (CI. Ref. 3).

[Y
[¢]
er
3]
«t

E. Density of the Gas and of the Liquid

{ .

Experimental values oi the density of gaseous OF2 are givén in Table XXXIII

(Cf. Rei. 80). ‘
The density of liquid OF, can be represamicd by th

1]

d = 2,.1315 - 0.004695T
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in which d is the density in grams per cubic centimeter and T is the temperature on
the Keivin scale (Cf. Ref. 3). The density of liquid OF, is 1.53 gm/cc at -144.8°C,

its normal) boiling point (Cf. Ref. 81).

TABLE XXXIIi

DENSITY OF GASEOUS OF,

Temperature Pressure Density
(°C) (i) (gm/cc)

0 714.5 0.0062254

21.8 717.0 0.002116

0 750.5 0. 002398

0 750.5 0. 002394

0 730.5 0.002328

F. Vapor Pressure

Ruff acd Menzel (Cf. Ref. 3) report the values of the vapor pressure of OF, given
in Table XXXIV. The values in the third colum were obtained from the equation

log,gp = 7.3892 - 376,64

in which p is the vapor pressure in mllimeters of mercury and T is the temperature on

the Kelvin scale.

VAPOR PRESSURE OF LIQUID OXYGEN BIFLUCRIDE

TABLE XXXiV

Temperature

Vapor Pressure {mm)

(°K)

Observed
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TABLE XXXIV (Cont’d)

Temperature Vapor Pressure (mm)

(°K) Observed Celculated
109.8 134.0 131.6
110.6 145.0 143.7
112.7 180.4 179.8
1167 270.2 269. 7
118.4 316.7 317.17
120.6 393.5 390.3
121.9 439.5 . 438. 6
123.4 501.0 501.3
123.8 521.8 519.0
124.2 546.4 542.0
125.2 586.2 585, 3
125.4 598.2 595.5
126.3 646.9 642.2
127.¢ 680.9 680.6
127.9 733.1 732.8
128.1 731.9 | 744.9

The values of the vapor pressure of OF, presented in Table XXXV were obtained by

Kelley (Cf. pp. 46 and 111 of Ref. 59) from ‘smoothed curves derived from a free energy
of vaporization expression given.

TABLE XXXV

VAPOR PRESSURE OF LIQUID OXYGEN BIFLUORIDE

Temperatare Vapor Pressure
(°K) (atm)
68.0 0.0301
77.1 0.801
2R.9 - 0.01

104.9 ¢.1
113. 32 0.28
120.5 0.5
128. 2 1.9

G. Melting Foint and Boiling Point

The melting point of OF, is -223.8°C (Cf. pp. 109-111 of Rex. 71; also Pefs. 81
and 82).
By calculating from their vapor pressure data, Ruff and Menzel’ (Cf. Ref. 3) found
-144.840.2°C, or 128.30.2%K, for the normal boiling point of OF,. Ref7 (Cf, Ref. 81)
gave -144,8°C. Kelley (Cf. pp. 45 and 111 of Ref. 59), Yost (Cf. pp 109-111 o1 flei,
71), =nd Rossini et al (Cf. Tablus 9 and 10 of Ref. 62) tock 128.3°K as the value.
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H. Heat of Vaporization

The value of the heat of vaporization of OF, at temperatures a little below the
normel boiling point, obtained by Buff and Menzel (Cf. Ref. 3) from vapor pressure
data through the use of the Clapcyron equation, was 2650 cal/mol. Kelley (Cf. pp. 46
and 111 of Ref. 350) takes 2650 cal/mnl as rhe value at temperatures near the normal
boiling point. Yost (Cf. pp. 109 and 111 of Ref. 71) gives 2508 cal/mol for the heat
of vaporization. Bnscini =t al (Cf. Tables 9 and 10 oif Ref. 62) take 2650 cal/mol for
the heat of vaporization at the normal boiling point.

I. Critical Temperature
Ruff and Menzel (Cf. Ref. 3) estinnte the critical temperature of 0F2 to be -81°C.

J. Heat of Formmtiicn

The standard heat of tormation of OF, at room temperature was given provisiomally
in 1930 by Ruff and #entel (Cf. Ref. 80) as =4.612 kcal/mol; that is, the value of the
enthalpy increase accompanying the reaction represented by ’
where each substance is in its standard state at room temperuture was given as 4.612
kcal/mol. Von Wurtenberg (Cf. Ref. 75) found 9 kcal/mol for the enthalpy increase at
about 25°C. Later, Ruff and Menzel (Cf. Ref. 83) found 72 kcal/mol at 32°C. Yost (Cf.
pp. 109-111 of Bef. 71) took approximately 7 kcal/mol as the value. Rossini and his
associates (Cf. Table 9-1 of Hef. 63) took 5.5 kcal/mol at 25°C.

K. Various Thermodynamic Propertics

Table XXXVI is a sumary from several sources.

TABLE XXXVI

ENTROPY OF GASEOUS OF,

State Entropy Scientist and Yaor
(cal/deg mol)
Perfect gas at 298%K and | atm apprux 58 Yost (Cf. pp. i09-111 of Hef.
1), 1939
Perfect gas at 298.1°%K and 1 atm 58.9510. 5 Kelley (Cf. p. 41 of Ref. 57},
1941
Perfect gas =t 298.16°K and 1 atm v8.95 Ressini et al (Cf. Table 9-1

of fef 63}, 1947

The standard free energy of formation of OF; =t 298%K is givern by Yost (Cf. pp.
109-111 of Bef. 71) as approximately 11 j.cu!/mol. Rossini et al {Cf, Talle 3-1 of
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Ref. 63) give 9.7 kcal/mol for 298.16°K; they give also

»

PoF,
v £ -
log,, T 7.126
Gy TFy

for 298.16°K (pressures in atm).

For the standard free energy of vaporization of OF, at temperatures near the
normal boiling point, Kelley (Cf. pp. 46 and 111 of Bcf. 59) gives AF°=0550 - 20.66 T
where T is the temperature on the Kelvin scale and the units of F are cal/mol.

L. Scability

According to Emelius (Ci. Rei. 6), OF, "does not under any conditions explode
though it is a strong oxidizing agent.” Ruff and Menzel (Cf. Ref. 3), writing in 1931,
stated thui an explosive spontaneous decomposition of OF, had never been observed.
They conducted OF, through a l-cm platinum tube containing a platinum gauze and heated
to 300°C {at its middle). The OF, decomrosed quietly. Ksblitz and Schumacher (Cf. Ref.
72) state that OF, is a fairly stable gas at ordinary temperatures 2ad that in
contract with its analogue Cl,0, it is not explosive.

Sparks do not cause OF, to explode (Cf. Ref. 3j. Experiments in which sparks were
passed through dry oxygen bifluoride at atmospheric pressure in a glass flask showed
that it could not be caused to explode uader these conditions, even with the use of a
higi-cupaciiy Leydeu jac {Cf. Ref. 80). Von Warteuberg (Cf. Bef, 75} w2e umsucceseful
in an attempt to cause OF, gas at about 10 atmospheres to explode by passing sparks
through it.

M. Rate of Thcrmal Decomposition

OF, does not decompose except at elevated temperatures {Cf. pp. 109-111 of
Ref. 71). Koblitz and Schumacher (Cf. Ref. 72) investigated the thermal decomposition
of OF, experimentally at total pressures between about 109 and about 800 mm of mercury
and at temperatures between aiout 250 and about 270°C. They found that under these
conditions the reaction is a homogeneous gas reaction in quartz, "hard® glass, and
magnesium. The decoigposition cen be represented by the following equation:

d(OF,]
dt

= kor, [OF,]2 + ko, [OF1005] ¢ ki LOF1ISIF,] + -oc + ky [OF,](X]

where [OFz], [02]; <+« [X] are the concentrations of OF,, 02: +«+ X, respectively,
t is the time, and Rap , k4 , °<* ky are constants. ‘?alues of the constants ere

given in Table XXXVTT, The temperature coefficients for the different cases have the
seme value, 2.040.1 per i0°.

N. Toxicity

i
' ]
Oxygen bifluoride is a very toxic compound® (Cf., also, Ref. 53), having approxi-

*Personal communication from S.G. Osborne of Hooker Electrociremical Co. (1947).
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mately the same toxicity* as phosgene, and is more dangerous to handle than fluorine
with respe.t to its physiological action®* (Cf., also, Ref. 3). It penetrates deeper
into the linss and causes an irresistible coughing and emetic irritation, as well as
difficulty in iL:zeathing. The full effect develops sowme time after inhalation. Menthol
brings relief; complete rest is advissble (Cf. Ref. 3).

TABLE XXXV1I

CONSTANTS IN EXPRESSIGN FOR RATE OF DECOMPOSITION
OF OXYGEN BIFLUORIDE

k (liter /mol sec)
at 250°C at 260°C at 270°C

tor, (quarcz vessel) 1. 40 x 10-2 2.85 x 1072 5.76 x 10 2

. 1.39 x 1072 2.86 x 1072 5.71 x 1072
kopz (magnesium vessel) -—- 2.87 x 1072 ~—-
kg 1,34 x 1072 2.80 x 1072 5.6 x 1072
~2
ksﬂ,4 1.21 x 1072 2.48 x 1072 5.0 x 1072
kg --- 2.83 x 1072

2
ky, 1.34 x 1072 .- --
k. ._ 0.95 x 1072 --- ---
kyr : - 0,60 x 1072 1.22 x 1072 ---

Iv. CHLORINE TRIFLUCRIDE

A. Behavior with Various Substances

Ruff and Krug (Cf. Ref. 2) found chlorine trifluoride to b= ecxiieiely reactive,
Many elements react almost explosively with the compound. Also, many cxides react
simslerly. The Teaction beiween chlerine trifluoride and water is said to cceur with a
report like the crack of a whip. The reaction with water is so vigcrous that incan-
descent gases are given off (Cf. Ref. 84). In general, crganic substances react with
chlorine trifluoride as soor as contact is made, the reaction being accompanied by
flames. A drop of the liquid falling upea wood, cloth, or papsr causes ignition
immediacely (Cf. Ref. 2). Uomange and Neudorfier (Ci. Ref. 35) have confirmed the
statements by Ruff and Krug concerning the grea: reactivity of chlorine trifluorice.
Cotton, paper, wood, mineral oil, and glass wool ignite spontaneously in the congpound.
The reactions may be explosive. Glass wool is said to burn in chiorine trifiuoride
with a flame (Cf. Ref. 84). '

{
{

*Pereonal communication {rom S.G. OUsborne of Hooker Electrochemical Co. {i547).
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In the prepaiaiion of chlorine trifiuoride, Buff and Krug (Cf. Ref. 2} used a
copper vessel to carry oui the reaction between chlorine and fluorine. The receiving
vessel for the chlorine trifluoride was of fused quartz and was held at -70°C. The
investigators kert the receiving vessel in a copper block, because of the dangerous
nature cf the material.

Ghlorine triflucride was produced in pilnt-nlant quartities in Germany during the
recent war. The product was coilected in iron cylinders {Cf. Ref. 86). Kwaznik (Cf.
Bef. 87) refers to the use of a Monel reaction chamber in the large-scale production
of chlorine trifluoride in Germany. Fluorine and chlorine were brought together in
this chamber at 260°C, and chlorine trifluoride together with a little chlorine
monofluoride was formed. The chamber was vigorously attacked. Schritz and Schumacher

(Cf. Ref. 88) used nickel and magnesium vessels in their study of the equilibrium
sepresented by

CIF + F, = CIF,

at 250, 300, and 350°C.

The characteristics of the reactions of liquid chlorine trifluoride with various
sulstances as reported by Ruff and Krug (Cf. Ref. 2) are sumamrized in Table XXXVIII.
The tests wers mede by ullowing the liquid 2¢ drip from vitreous silica bulbs into

small tubes coniaining the substances. Details of the conditions are not rerorted, but
probabiy many of the metals were [inely divided.

TABLE XXXVIII

REACTICONS S LIQUID CHLORINE TRIFLUORIGE
WITii VARIOUS SUBSTANCES

Substance Results

Potassium flames
Iron
Molybdenum
Tungsten
Iricdium
Osumi wa
Rhodium

Sodiun at first, no reaction, because of crust
Calcium formation; violent reaction upon heating

Magnesium at first, no reaction; explosive reaction
Aluiinun afcer i1gnition with carbon

Zinc
e
Al
Lead
r~
opper
Silver

Rl -

Mercury slow reaction
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TABLE XXXVIII (Cent’d)

Substairce Results

Palladiwm no reaction

Platinum

Sulfaur flames; formation of a white fog; odor like
that of 52(:‘12

Silicon flames

Antimony

Arsenic

Tellerium

Selenium

Phosphorus (red)

iodine flames; formation of a colorless liquid
which freezes below 0°C, fumes in air,

etches glass, and reacts violently with
waier, benzene, and ether (probably IF,)

Bromine formation of a red liquid which evaporates
conpletely between 0°C 2nd room tempera-
tures (pecthaps BrFs)

Water formation of SiF, and a red liquid which
freezes at about -70°C (CIOF ?)

Calcium oxide fiames

Magnesium oxide

Aluminum oxide
Manganese dioxide
Vanadium pentoxide
Chromium sesquioxide
Lead dioxide
Molybdic snhydride
Tungsien trioxide
Tantalum pentoxide

Chromic anhydride violent reaction with the formation of brown
vapers (CO.F, ?)

Stannic oxide chamizz! acizvivy but ne flames
Lanthanum oxide
Titanium dioxide
Arsenic trinxide
Doron oxide
Phesphorus pentoxide

~qr

Quertz glass, compleicly dry slow reaction
{uartz wool, completely diy

n
(9]
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Substance

Results

Quartz glass, traces of moisture
Quarcz wool, traces of molsture

formation of a green gas and = rad

easily

volatiiized liquid: occasional formation
of long colorless needles on the surface

Glass wool

flames

Zinc oxide
Ferric oxade
Thorium oxide
Zirconium oxide
Mercuric oxide

no reaction

Mercuric iodide
Tungster. carbide (WC)

-y |
-

Potassium iodide
Potassium carbonate
Silver nitrate

chemical activity but no flames

Potassium sulfate
Potassium nitrate
Scdiwn chloride
Mercuric sulfate
Mercuric chloride

0 reaction

Concentrated sulfuric acid

Fuming nitric acid

Aqueous solution of sodium hydroxide
(10%)

chemical activity ut no flames

Hydrogen sulfide
Amonia
Sul frr dioxide

flames; formation of a white fog

Hydrogen Tiame:s

iiiuminating gas

(Charcoal flames

Graphite flames from smallest partinles

Powdered graphite

Rybber {tubing)

brisk reaction; production of gas;
to white brittle materiai

change

Picein

Paraifin
High~vazuum grease
Wood

Paper

Cloth

Cotton

immediate 1gniion

N —pe—
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Substance Fesults

Benzern= violent reaction
Fibher
Glacial acetic acid

T} W = — oy r—

Carbon tetrachloride reaction only after heating

Teflon reacts with chlorine trifluoride under special conditions (Cf. Ref. 83).
ClF; reacts completely with Cl, to form CIF (Cf. Ref. 88).

B. Analysis

Ruif and Krug (Cf. Ref. 2) analyzed chlorine trifluoride by allowing a weixned
sample to react with a relatively large guantity of 10 per cent sodium hydroxide
solution, reducing most of the chloric acid formed by means of hydrazin: hydrate or
chlorine-free zinc dust, determining the fluoride as CaF,. and determining the
chloride as Ag(l after completing the reductica of the chloric acid with sui furous acid.

C. Density of the Liquid

The density of liquid ClF; is 1.77 gm/cc et 12.1°C, its normal boilinyg point
(Cf. Ref. 81).

D. Vapor Pressure

of ClFy:

in which p is the vapor pressure in millimeters of mercury and T i1s the temperature om
the Kelvin scale.

E. Melting Point and Boiling Point

The melting point of ClF, was given by Ruff and Krug (Cf. Ref. 2) in 1930 as
approvimately -83°C. Later, Buff (Cf. Hef. 81) gave -82.6°C.

Using their vapor pressure equation, Ruff and Krug (Cf. Ref. 2) fourd 11.3°C for
the normal boiling point of ClF,. Ruff (Cf. Ref. 81) guve 12.1°C. Rngaini er ol (Of,
Tables 9 and 10 of Ref. 62) toek 284.6%K 28 the value,

¥. Heat of Vaporization and Entropy of Vaporization

The entropy of vaporization of CIF, at the normal boiling point 'asip calculated by
Ruff and Krug (Cf. Ref. 2) from their vapor pressurs data. The value obtained was
20.8 cal/°K mol.

Fossini and his associates {Cf. Tebles 9 and 1C of Ref. §2) give 574N cal/mol for
the heat of vaparization of CIF; at the normal boiling point.
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G. Critical Teamperature

PBuff and Krug (Cf. Ref. 2) estimate the critiral temperature of Ci¥; to de
426. 7K, or 153.5°C.
n

H  Various Thermudyuamic rope

-3

4}

Schmitz and Schumacher (Cf. Ref. 88} have siudied the eguilibrium renresented by
QF + F, = AF,

From manometric measurements, the following values were obtained for the equilibrium

constant:

PciF PF2
Pcu‘s
' Porr Pr
Temperature | K=_—""_"2
(°C) Pcn-'s
(atm)
250 2.98 x 1074
300 24 x 1074
350 143 x 1074

The value for the heat of reaction at 300°C derived from these data is 2512 kcal.
Schaitz and Schumacher (Cf. Fef. 88) have caiorimetrically determined the folles-
ing heats of reaction:

NaCQl + UFy - NaF « 4Cl, ar 18°C Q= 39.5%0.5 kcal
NaCl + CIF~ NaF+ Cl, at 18°C  Q = 24.540.1 kezl
MaCl + CIFy = MaF + 2C1, at 18°C Q= 76.5 kcal
From these values the fcllowing hests of reaction can be derived:
%y + MCl, = CIF at 18°C  Q = 15,0£0.5 kcel
CIF + F, = Cif; ac 18°C ¢ = 27.0i1.5 heat
KCl, + 3, - CiF, at 18°C Q = £.0 kcal

The second of these derived values is in gocd agreement with the value which these
investigators obtained from their study of the equilibrium among the ft,hree substances,
The equilibrium represented by

20IF; = (AFy,
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has been investigated by the same men. The following

values have been obtained for the
ozuilibrivm constant !

i
f7
K-_CM3
P(CIF,)
<2
ng
s uar
Temperature ;e i
o P(c1F3)2
(atm)
9.5 26.9
20.C 32.1
24.2 35.4
The value for the heat of reacticn at about 20°C derived from these date is 3.310.5

kcal. The measuremcnts were made at

E,
g

ressures between 300 and 800 mx (Cf. Ref. 90).

i. Miscellaneous Properties

he pure form, chicrine trifluoride as 2

awiva atal e aa

o
l 13

l!'!

e sclid is shite and as 2 gas iz ncarly
eslerlzss (Ct. Re!s. 2 and 85). As a liquid, it is a light green, and it Les a char-
acteristic penetrating cdor, similar to Cll (Cf. Ref. 2).

[,
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